
CHAPTER I 

INTRODUCTION 

Immob1l1zed Reagents 

The use of 1mmob1l1zed reagents has recently become 

very 1mportant 1n analyt1cal chem1stry as well as other 

d1sc1pl1nes The ma1n reason 1mmob1l1zed reagents have 

become so popular 1s because when a chem1cal spec1es _s 

1mmob1l1zed 1t 1s 1ncorporated 1n a separate sol1d phase and 

can eas1ly be removed from the l1qu1d or gas pDase 1t 1s 

used w1th Immob1l1zat1on can also change the 

character1st1cs of the 1mmob1l1zed spec1es relat1ve to the 

correspond1ng non-1mmob1l1zed spec1es (such as stab1l1ty, 

K1net1cs and equ1l1br1um coeff1c~ents) F1nally, the fact 

tnat the spec1es 1s 1mmob1l1zed means t~at a reagent \ __ _ 

rema1n stat1onary under very ext1eme dynam1c cond1t1ons as 

1n cont1nuous-flow analys1s and chromatography 

There are three ma1n ways 1n wh1ch chem1cal spec1es car 

be 1~mob1l1zed They can be phys1cally entrapped 1n a 

framewor~ Th1s procedure requ~res that the 1mmob1l~zea 

spec1es be large enough that a molecular framework can 

surround the spec1es Also, any other spec1es that lS to be 

1~ contact Wlth tne 1mmob1l1zed spec1es, for react1on or 

aosorpt1on, must have molecules small enough so that they 
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may pass through the entr~ppplng framework and contact the 

reagent Slze of the molecule lS not a crltlcal factor lf 

the specles lS physlcally adsorbed on a solld support The 

adsorbed molecule lS free to lnteract Wlth any other specles 

ln solutlon However, because the specles has only been 

adsorbed lt can, under the rlght ClrCJ~stances, also be 

desorbed and the efflclency of the support be elther 

decreased or ellmlnated The alsadvantages of both methods 

can be greatly decreased by chemlcally bondlng a chemlcal 

specles to a solld support. There lS no Slze requlrement of 

elther the lmmoblllzed specles or a~y ~pecles that mlght 

lnteract Wlth lt Also, the energy of a chemlcal bond lS 

much greater than that of adsorptlon so the lmmoblllzatlon 

lS less llkely to be reversed under 9peratlng condltlons 

Many dlfferent solld materlals have been used as 

supports, however, slllca and ot~er polymerlc supports have 

recelved p1eference The use of slllca as a support has 

seve1al advantages over other polymers The lmmoblllzatlon 

procedures for other polymers ls so~ewhat more complex than 

that for slllca because tney can requlre more extreme 

cona~tlons (1) Under certaln Clrcumstances polymers are 

prore to swelllng, and thus restrlctlng flow when used ln 

contlnuous-flow analysls and chromatography, whereas Slllca 

lS essentlally unaffected by changes ln solvent composltlon 

Sll~ca wlll srow degradatlon only when the solutlon pB 

exceeds 9-10 (13) Polymer supports may also have poor 

mechanlcal stabll~ty, so slllca ls preferable when hlgh 
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pressures are ut1l1zed (2) Flnally, s1l1ca 1s commerc1ally 

avallable Wlth many d1fferent surface areas, forms, and pore 

s1zes so there lS a larger selectlon when a support 1s to be 

chosen 

Immobll1zat1on of Chem1cal Spec1es 

on S1l1ca 

All s1l1ca surfaces conta1n surface s1lanol groups 

These functlonal groups, l1ke all functlonal groups, undergo 

a Wlde var1ety of reactlo~s The1r most w1dely used 

reactlOP 1nvolved 1r ~rr~ : __ ~zatlon 1s the condensat1on Wlth 

an alkoxys1lane compound to produce s1loxane bonds to a w1de 

var1ety of such groups al1phat1c and aromat1c am1nes, 

alcohols, crown ethers, carboxyl groups etc (3) A typ1cal 

react1on procedure 1s shown 1n F1gure 1 Surface s1lanol 

groups are shown react1ng w1th (amlnopropyl)trlethoxysllane 

to produce an 1mmob1l1zed al1p~at1c am1ne The react1v1ty 

of surface s1lanol grou~- _2 not l1m1tec to sllanes, for 

example, phenyl1socyanate can react d1rectly Wlth such 

surface groups (~) The f1rst spec1es to react Wlth the 

s~laPol group can elther form the flPal p1oduct 1n w~1ch no 

further react1on 1s needed to produce the aes1red 

1mmob1l1zed reagent, or 1t caP be reactec wlth add1t1onal 

organ1c spec1es to 1mmob1l1ze an even gLeater var1ety of 

funct1onal groups T~e only l1m1tat1ons on the nature of 

the organ1c reagent that ls 1mmob1l1zed are that of the 

cu11ent knowledge of organ1c synthesls and problems of 



Flgure 1. React1on Between Surface S1lanol Groups 
and Amlnopropyltrlethoxysllane 
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ste11c h~ndrance 

Uses of Immob1l1zed Reagents 

The use of chem1cally 1mmob1l1zed reagents has made 1ts 

way 1nto a large number of d1sc1pl1nes Each method has 

sl1ghtly d1fferent advantages when 1mmob1l1zed reagents are 

used Several methods are br1efly rev1ewed 1n th1s sect1on 

w1th respect to the1r use w1th 1mmob1l1zed chem1cal spec1es. 

The use of a chem1cally bonded stat~onary phase has 

become qu1te common 1n both gas and l1qu1d chromatography 

Chem1cally bonded phases are more thermall 1 stable and are 

more stable toward solvents than are standard l1qu1d phases. 

Chem1cally bonded phases can also decrease the surface 

acLlvlty of the s1l1ca support wh1ch decreases 1ts 

1nteract1on w1th the mob1le phase The approp11ate 

~mmob1l1zed stat1onary phase 1s often, s1mply, the bound 

form of a non-1mmob1l1zed stat1onary phase such as octadecyl 

qroups 15) Because the group 1s covalently bonded to Lhe 

supporL, much smaller molecules can also be used, for 

example octyld1methyl or ethyldlmethyl groups (6). The 

1m~ob1l1zed phase 1s Dot l1m1ted to nonpolar gtoups Am1no, 

cyano and phenyl groups have also been 1mmob1l1zea \~) 

Enzymes ~ave also been extens1vely used as ~mmob1l1zed 

reagents EDzymes can oe ~sea for the analyt1cal 

determ1nat1or of substrates that react at tne enzyme to 

produce spec1es tnat can more eas1ly, or select~vely, be 

aetecLed ana quant1f1ed tnan the substrate ~tself Chem1ca~ 



l~mob1l1zat1on of an enzyme allows for s1mple separat1on of 

enzyme and products and thus makes the methoa much more 

econom1cal because the enzy~e can be reusea 

Slllca-lmmoblllzed enzymes are almost always produced us1ng 

the same procedure (7) An alkoxyam1nopropyls1lane 1s made 

to react w1th the s1l1ca surface (the alkoxy group 1s 

usually ethoAy, but somet1mes the methoYy der1vat1ve 1s 

used), th1s b1nds a react1ve am1no group at the surface 

6 

Thls group 1s then reacted w1th one of the aldehyde groups 

of a glutaraldehyde molecule 1n a Scrlff-base react1on An 

aldehyde group lS left wh1cr ca- also react 1n a Schlff-base 

ma~ner Wlth the term1nal am_~, ~- =~P of a lys1ne res1due of 

an enzyme produc1ng an 1mmob1l1zed enzyme ~ w1de var1ety 

of enzymes, such asS -galacto2_s?~~, chymotrypsln (7), 

pen1c1ll1nase (51), and ur1case (8), have been 1mmob1l1zed 

for analyt1cal determ1nat1ons Bes1des the fact that the 

enzyme lS reusaole, there 1s the acd1t1onal beneflt that the 

stab1l1ty of the enzyme 1ncreases d~amat1cal~y upon 

lmmoblllzatlon (9) 

Metal-cPelatlng agents rave also been usea extens1vely 

as 1mmob1lized reagents Per'1aps the w1dest va~lety of 

organic funct1onal groups, of all lmmoblllzed species, lS 

used for the complexat1on o= metals ~o 1mmob1lized chelatins 

agents Ethylenediamlne, dith1ocarbama~e and 

8-hydroxygulnollne are tre most popular for use as 

chem1cally lmmobllized spec1es (10) However, the great 

var1ety of organ1c c~elat1~g agents trat can be 1mmob1l1zed 
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lntroduces the posslblllty of ~a1lor1ng lmmoblllzed 

chelatlng agents for very speclflc purposes Immoblllzatlon 

procedures for several chelatlng agents, such as phthalamlc 

acld, acetylacetone, and dlbenzo-18-crown-6 have been 

dlscussed (3) The organlc molecules used for chelat1ng 

agents usually, but not always, conta1n elther oxygen or 

n2trogen ln the funct2onal groups. There are two maln ways 

2n whlch 2mmob1l2zed chelatlng agents have been used 

Chelatlng agents have dlfferent aff2n2t2es toward dlfferent 

metal 2ons, unllke 1on exchange res2ns, whlch have a strong 

afflnlty towaro any specles wlth an oppos2te charge, thls 

can be explolted for metal lon chromatography Immoblllzed 

chelat2ng agents can also be used for the preconcentrat2on 

of metals by 1ntroduc1ng the lmmoblllzed chelate to a large 

volume of d2lute metal solut1on and then releas1ng the 

complexed metal 1nto a small volume of ac1d solut2on where 

lt can be more easllj detected 

A methoa nas been reported 1n whlch l~mob~llzed 

chelatlng agents have been used for the chromatography of 

llgands (60} Free 8-hjdroxyqulnollne usua1ly complexes 

Wlth lron(III) wlth a llgand-to-metal rat1o of 2 1 

However, the lmmoblllzed chelatlng agent complexes only Wlth 

a 1 1 rat2o, leav1ng the other two metal Sltes hydrated 

Dlfferen~ l1gands w1ll ha\e dlfferent aff1n1t1es for those 

s1tes and can be chromatograph2cal1y separated oy those 

aff~nltles 



Need for the Determ1nat1on of 

Immob1l1zed Spec1es 
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In the development of an analyt1cal method, or any 

method where quant1tat1ve results are des1red, 1t 1s 

necessary to opt1m1ze exper1mental cond1t1ons for the method 

and the use of 1mmob1l1zed reagents lS not exempt from th1s 

need The most apparent parameter lS the max1m1zat1on of 

the amount of reagent that can be 1mmob1l1zed (lt may also 

be necessary to m1n1m1ze the amount of an undes1red 

Thus, 1t lS necessary to obta1n quantlLaLlve 

knowledge about the 1mmob1l1zed spec1es Also, 1t may be 

1mportant to character1ze the react1ons that take place at 

Lne surface of the support. Quant1tat1ve 1nformatLon on 

both the react1ons 1nvolved 1n the 1mmobll1zat1on of 

che~~cal spec1es and the1r 1ntermed1ates and the react1ons 

that 1nvolve the 1mmob1l1zed reagent 1s requ1red ThlS lS 

ln or~er to 1mp1o~e the y1eld of products, decrease 

1~terfer1ng s1de react1ons, and 1mprove the k1net1cs of 

1nteract1ons. The aeterm1nat1on of 1mmob1l1zed spec1es may 

be necessary for qual1ty control so knowledge that a 

procedure has beer successful or not can be obta1nea 

F1nally, quant1taL1ve LnformaLlon 1s necessary, s1mply, to 

understand the nature and perhaps the mechanlsms of the 

react1ons takLng place 



CHAPTER II 

LITERATURE REVIEW OF ANALYTICAL 

METHODS FOR THE DETERMINATION 

OF SILICA-IMMOBILIZED 

CHEMICAL SPECIES 

Th1s rev1ew 1s d1v1ded 1nto two parts The f1rst 

descr1bes phys1cal methods of determ1na~~c~ wr1ch focuses 

d~rectly on t~e s1l1ca support 1tself _r ~ ~ aosence of a~y 

chem1cal react1ons that fac1l1tate the detect1on of a 

chem1cal spec1es The second part descrlteE c~em1cal 

methods of determ1nat1on 1n wh1ch there 1s some chem1cal 

react1on tak1ng place w1th an 1mmob1l1zed reagent or as a 

d1rect result of 1ts presence produc1~g some other spec1es 

1n wh1ch a phys1cal measurement 1s then ~ade 

Phys1cal Methoas of Determ1nat1on 

A relat1vely large number of methods, both p~ys1cal and 

chem~cal, used to study the nature of s1l1ca-1mmob1l1zea 

chem1cal spec1es have been reportea 1n the l1terature Only 

the references tnat report quart~tat~ve ~nformat1on or 

suggest analyt1cal appl1catLons ha~e been 1ncluaed 1n thls 

rev1ew Some methods have a very s~all amount of 

lnformatLOn of analyt1cal 1nterest and are not covered 1n 

great deta1l 
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Measurement of Capac1ty of Chelat1ng Agents 

Immob1l1zed chelat1ng agents ate un1que w1th respect to 

other 1mmob1l1zed spec1es because they can be determ1ned by 

methods that are spec1f1c only to spec1es capable of form1ng 

complexes Wlth metals Tne amount of metal that 1s 

complexed by a chelat1ng agent can be determ1ned and then by 

the knowledge of the sto1ch1ometry of the complex format1on 

(1 1, 2 1, etc ) , usually determ1ned by elemental analys1s 

(15), the actual amount of 1mmob1l1zed l1gand can be 

determ1ned There are t~o ways 1n wh1ch capac1ty 

measurements have been made The f1rst uses the d1fference 

1n concentrat1on produced when an 1mmob1l1zed chelate 1s 

1ntroduced 1nto a solut1on of known metal to calculate the 

surface coverage of the chelate The use of d1fference 

methods to determ1ne analyt1cal quant1t1es 1s not always 

accurate because two measurements must be made, th1s 

~ntroduces tw1ce as muc~ error as would a slngle-step 

method If the d1fference 1n measurements lS small w1th 

respect to the absolute measurements, the method may not be 

sens1t1ve enoug~ to produce a rel1able result The secoDd 

method uses a strong ac1d to elute metal 1ons that have been 

complexed w1th the 1m~ob1l1zed chelat1ng agent Th1s method 

1s the more accurate of t~e two methods for determ1n1ng 

capac1ty us1ng metal 1ons as probes It lS also more 

accurate than alternat1ve methods, that are not spec1f1c for 

1mmob1l1zed chelat1ng agents, such as elemental analys1s and 



tltrlmetrlc methods 

dlSCUSSed later 

Each of these methods wlll be 

Ideally, the surface coverage of the chelate Wlll be 

lndependent of the type of probe that lS used. Table I 

1~ 

shows a brlef summary of reported surface coverages and 

typlcal capacltles that can be expected for the three most 

popular lmmoblllzed chelatlng agents The capaclty that lS 

found does lndeed depend on the speclflc probe that has been 

used The amount of chelatlng agent that has been 

lmmoblllzed does not dlffer for each metal used, however, 

because cf l"- Et~ucture of the Slllca support and the 

chelatlng agent the chelate may not be as avallable for one 

metal as wlth another So capaclty measurements are not a 

true me&~--= _ ~~e aiTc~r~ of lmmobllzed c~elatlng agent 

They are only a measure of tne amount of chelatlng agent 

t~at lS avallable to a speclflc meLal lon. 

Klth t~e eYceptlcn of tPree d~fferent methods used to 

determlne caoaclty of lmmoblllzed chelatlDg agents by X-ray 

fluoresceDcE (wh~ch w~ll be covered ln Lhe next sectlon) and 

potentlo~etrlc and thermometrlc tltratlons (wn~ch Wlll be 

a~scussed ln the chemlcal methods sect~on) no furt~er 

dlscuss_oD Wlll be pursued concernlng con~eDtlonal capaclty 

measure~ent metnods The reason for th~s ~s trat a recent, 

exteDSlve rev~ew of Lhese sa~e capaclt1 determlnatlon 

procedures has been made avallable (11) 
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TABLE I 

CAPACITY OF SOME SILICA-IMMOBILIZED CHELATING AGENTS 

Chelatlng Metal Capaclty Surface Reference 
Agent Probe (fJ mo 1 I g) Coverag2 

( pmo 1 /m ) 

Ethylene-
dlamlne Cu (I I) 520 0 95 10 

Ethylene-
dlamlne Zn (I I) 470 0 85 10 

Dlthlo-
carbamate Cu (I I) 530 0 96 10 

Dlthlo-
carbamate Zn (I I) 500 0 91 10 

8-Hydroxy-
qulnollne Cu (I I) 54 0 27 12 
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X-ray Fluorescence 

A method that utlllzes the same prlnclple as 

conventLonal capaclty measurement technlques by measurlng 

the amount of complexed metal but lnstead uses X-ray 

fluorescence (XRF) has been reported Thls method has been 

used to study pH dependence of equlllbratlon, the klnetlcs 

of equlllbratlon, and chelate structure (10,14,15) Before 

golng lnto experlmental detalls a short explanatlon of XRF 

should be made 

X-ray spectroscopy ls slmllar LO other spectroscoplc 

technlques Only the nature of the electronlc transltlons 

and the methods used to manlpulate the shorter wavelength 

radlatlon are sllghtly dlfferent The dlfference between 

X-ray spectroscopy and conventlonal spectroscopy lS that the 

absorptlon or emlSSlon of X-ray radlatlon Lnvolves 

translLlons of lnner-shell electrons whereas outer-shell 

electrons are lnvolved ln most of the other spectroscoplc 

methods The fact that only lnner-shell electrons are 

lnvolved has two lmportant lmpllcatlons EmlSSlon and 

absorptlon spectra of aLoms are very Slmple, conslStlng only 

of a few llnes compared to broad oands found Wlth shorter 

wavelength raolatlon Thls lS because only _rner-shell 

e1ectrons are lnvolved ln the transltlons, so there lS a 

very llrnlted number of transltlons that are posslble, tnus 

resultlng ln only a few llnes In fact, there ls a 

relatlonsnlp beLween the wavelength and the atomlc number of 



each element Th~s relat1onsh1p 1s shown 1n equat1on 1 

1 
::\ =a (Z -.{) 2 

Where Z the atom1c number of the atom, a 1s a 

( 1) 

proport1onal1ty constant, A 1s the wavelength, and ~ 1s an 
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1nteger dependent on the ser1es (l e. ~ = 1 fc1 K, ~ = 2 for 

L, etc ) (16) Thls equat1on 1mpl1es the second 1mportant 

feature of X-ray spectroscopy, the em1ss1on or absorpt1on 

spectra of an atom 1s lDdependent of any type of chem1cal 

bond1ng wh1ch may be present. Only the outer-shell 

electrons are 1nvolved 1n bond1ng and the _n~el-shell 

electrons for all atoms, except the very l1ghtest (Z < 23), 

are unaffected 

Tne ctDsorptlon of X-ray rad1at1on, for use 1n XRF, 

1nvolves the product1on of an 10n1zed spec1es w1th an 

1nner-s~ell electron be1ng removed from the aLom. After a 

srort t~me tne 1on returns back LO 1ts ground state through 

a ser1es of electron1c trans1t1ons wh1ch produce rad1at1on 

of a wave1ength that 1s always longer than the exc1t1ng 

rad1at1on 

Instrumental des~gn lS d~fferent than that used for 

coDventlonal spectroscopy, because of the nature of X-ray 

1ad1at1on, however, tne pr1nc1ples are Lne same The source 

of rad1at1on 1s a large vacuum tube known as a Cool1dge 

tube Th~s tube cons1sts of a cathode wr1cr em~ts 

electrons The electrons are accelerated as tney pass 

t~rough an electr1c f1eld They then str1ke the target 



anode where the1r k1net1c energy 1s convert~d 1nto a 

cont1nuous X-ray spectrum 

The monochromator cons1sts of a s1ngle crystal that 

uses the pr1nc1ple that X-ray rad1at1on 1s d1ffracted by 

15 

dlfferent layers of the crystal When rad1at1on 1s d1rected 

at a c1ystal 1t 1s d1ffracted at the same angle as the 

1nc1dent beam was d1rected However, the rad1at1on 1s not 

totally d1ffracted by the surface of the crystal - each 

layer 1s respons1ble for a certa1n fract1on of the amount 

d~ffracted. Thls causes an effect that 1s very slml!ar to 

traL observed w1th d1fract1on grat1ngs When the beam ~s 

d1ffracted only a s1ngle wavelength w1ll be 1n phase w1th 

the rad1at1on d~ffracted from d1fferent layers 1n the 

crystal, so all but one wavelength w1ll be destroyed by 

1nterference The relat1onsh1p between wavelength and 

1nc1dent angle 1s g1ven 1n equat1on 2 

n>.. = 2dslne ( 2) 

The wavelength 1s 1ra1cated by/ , n 1s an 1nteger, S 1s the 

1nc1dent angle and d 1s the 1nterplanar d1stance of the 

crystal structure (17) 

Early deLect1on methoas e~ployea photographlc fllm, 

nowever, modern detectors convert the rad1at~on 1nto an 

electr1cal s1gnal Gas-f1lled detectors measure the amount 

of 1ons produced wnen X-rays str1ke argon, xenon or kryfton 

The number of 1ons produced 1s d1rectly related to the 

amount of X-ray rad1at1on str1~1ng the deLector Ge1ger 
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tubes are very s1milar to gas-filled tubes except that 

Geiger tubes are operated at a much h1gher voltage, wh1ch 

produces an ampl1f1cat1on effect A sem1conductor-type 

detector cons1sts of three crystal1ne layers. The f1rst 1s 

a p-type s1l1con sem1conductor that faces the X-ray source 

There 1s a central 1ntr1ns1c zone beh1nd the f1rst layer and 

an n-type sem1conductor beh1nd that layer The p-type 

surface 1s coated w1th gold and the n-type w1th alum1num 

Whe~ X-rays str1ke t~e detector a potent1al develops between 

the two metall1c coat1ngs Th1s type of detector 1s very 

sens1L1ve However the detector and pre-ampl1f1er must be 

thermostated w1th l1qu1d n1trogen, even when the 1nstrument 

1s not 1n use, to reduce no1se and to prevent l1th1um from 

The output from the detector 1s usually measured 1n 

counts - the amount of X-rays that have reached the 

detecLor S1nce the f1nal output 1s a count1ng recorder the 

numer1cal value ~s dependent on t1me To rormal1ze th1s to 

a standard value eacP measurement 1s made for the same f1xed 

amount of t~me ana th1s t1me 1s reported w1th the numner of 

counts 

Capac1ty measurements have bee~ made, us1ng XRF, of 

eLhylened1am1ne 1mmon1l1zed on s1l1ca gel as well as 1t's 

a~th~ocarbamate T~e 1mmob1l1zed chelat1ng age~t was first 

equ1l1brated w1th a solut1on of excess metal 1on, e1ther 

C 2+ z 2+ u or n The s1l1ca gel must be formed 1nto a 

pe1let 1n order for the measurement to be made In maKlng 



pellets an equal amount of cellulose was blended Wlth the 

Slllca gel to lmprove mechanlcal stablllty At thls polnt 

the pellet was placed ln the fluorometer and measurements 

were made (3,10) 
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The purpose of the work was not dlrectly to measure the 

capac1ty of the lmmoblllzed chelates, but to help 

characterlze the lmmoblllzed chelate complexes Wlth selected 

metal lOns Wlth respect to certaln parameters such as 

klnetlcs and equlllbrlum costants of formatlon and the 

effect of pH The authors ~ere trylng ~o develop a method 

ln whlch trace levels of meLc __ ~la be determ1ned 

slmultaneously by pre-concentratlon Wlth the ald of 

Slllca-lmmoblllzed chelatlng agents w1th XRF detect1on The 

authors were able to develop a method, whlch was publlshed 

shortly thereafter, to make those s1multaneous 

determlnatlons 1n the ppb range for mol}bdenum and tungsten 

(14) In Vlew of thls fact llttle expe11mental 1nformat~on 

was prov1ded concernlng any \R; IEasurements Other met0ods 

were used, carbon analys1s and EDTA tltratlon of the eluted 

metal lOn, to determ1ne capaclty for whlch results were 

reported 

In splte of thls fact, the use of XRF to determlne tne 

amount of lmmoblllzed chelate, and thus the capaclty, ls a~ 

addltlonal technlque for capaclty measurements It's future 

as an analytlcal method, even for the slmultaneous 

determlnatlon of trace metals, lS somewhat llmlted for th1ee 

reaso~s Flrst, the process of presslng pellets lS 



destruct1ve to the sample The amount of chelate that has 

been 1mmob1l1zed can vary from one reg1on to another on a 

s1ngle sample of s1l1ca gel so 1t can vary g1eatly on 

d1fferent samples (18) SecoDd, the use of XRF 1s l1m1ted 
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severly by the great 1nvestment 1n equ1pment necessary. 

X-ray fluoromEters frequently cost 1n excess of $100,000 

wh1ch makes them ava1lable to only a few researchers 

F1nally, the method 1s 1nherently very prec1se, however, 1t 

1s not very sens1t1ve It 1s d1ff1cult to detect an element 

1n less than one part 1n 10,000 (16) 

Transm~ss1on Infrared Spectroscopy 

The use of transm1ss1on 1nfrared to study the nature of 

1mmob1l1zed spec1es 1s qu1te common 1n the l1terature 

(14,19,20) However, most of that l1terature 1s concerned 

w1th surface s1lanol groups. Once a chem1cal spec1es has 

been 1mmob1l1zed the s1lanol groups that rema1n on the 

s~rface of the s1l1ca can, undes1rably, 1nteract w1th 

molecules 1n the1r v1c1n~ty Th1s 1s espec1ally undes1rable 

1n cnro~atography because the s1lanol groups contr1bute to 

band broaden1ng Most of the 1nfrared work done 1s so the 

efforts to decrease the amount of these surface s1lanol 

groups caD be compared Surface SLlanol groups are not an 

1mmob1l1zed spec1es themselves S1nce they are funct1onal 

groups that are always present on the surface of s1l1ca, 

methods to character1ze and quant1fy them are not covered 1n 

th1s revLew 
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Most other lnfrared methods are only concerped Wlth 

characterlzatlon of lmmoblllzed spec~es as they lnteract 

Wlth other chemlcal specles Thls lS ln order to dertermlne 

lf such thlngs as lf there lS any hydrogen bond1ng lnvolved 

1n an 1nteract1on or lf the keto or enol tautomer of some 

lmmoblllzed spec1es lS predomlnant (20). As a result there 

lS very llttle quant1tat1ve lnformatlon avallable 

One paper does g1ve a small amount of quantltatlve 

lnformatlon (21) In order to obtaln an lnfrared spectrum 

the Slllca support must flrst be ln a powder form The 

support, then, must be lncorporated 1nto some klnd of form 

so that the transmlSSlon lnfrared spectra can be taken. 

Most methods press the slllca 1nto a KBr pellet, however, 

thls practlce lS sample-destructlve The method reported 

uses carbon tetrachlorlde, whlch has the same lndex of 

refractlon, to support the slllca so that the Slllca can be 

reused after washlrg The ablllty to reuse the Slllca 

support lS lmportant because the quantlflcatlon of 

lmmoblllzed trlmethylsllane was found by dlfference The 

spectrum of the Slllca, Wlth no lmmoblllzea spec~es present, 

was taker and then the lmmoblllzatlOP was performed and the 

spectrum was taken agaln By observlng the decrease ln 

absoroance from bands due to su1face Sllanol g~oups ~t was 

posslble to determlne what percentage of Sllanol groups rad 

reacted and thus know the amount of lmmoblllzed 

trlmethylsllyl groups However, the result was only 

reported as 40% surface coverage because no effort was made 



to develop a cal1brat1on curve The amount of 1mmob1l1zed 

tr1methyls1lyl can be est1mated because many stud1es have 

found that there are about 7 5 pmol/m 2 of surface 

Sllanol groups on a Slllca support ( 2 0) . Know1ng that the 

surface area of the support lS 197 m2/g the surface 

coverage lS (197 m2/g x 7 5 j-lmOl/m 2 X 0 40) 590 

j-lmOl/g 

Thls art1cle shows why transm1ss1on lDfrared methods 

have not been frequently used for quant1f1cat1on of 

lmmoblllzed spec1es Although the method ls conven1ent (no 

20 

elabor2t~ cl- -=~~s lS needed) and the use of a l1qu1d to 

suspend the s1l1ca can be nonaestructlve to a sample, 1t can 

not be effectlvely used as an analytlcal technlque 

Conven~-~~al lnfrareo spectroscopy lS not very 

sens1t1ve. Molar absorptlvltles ln the lDfrared reg1on are 

not very hlgh, qu1te concentrated m1xtures of 

non-lmmoblllzed chemlcal spec1es are necessary {about 10%) 

1n order to orcauce quant~tat1ve spect1a (16) When a 

cne~lcal spec~es lS 1mmob1l1zed the amouDt of that spec1es 

that ls bouDd wlth respect to the total amount of Sll~ca lS 

so low t~at very llttle s1gna1 can be obtalned The teason 

tre amount of surface s1lano1 groups was determlDed and the 

amouDt of tr1methyls1lyl qroups was found b} olfference lS 

oecause the s1laDols are more abundant on tne surface and 

thus produce a larger s1gnal 

lS prefered 

/ 

Thus a more sens1t1ve method 



21 

Four1er Transform Infrared Spectroscopy 

Four1er Transform Infrared Spectroscopy lFTIR) has been 

used, 1n a very s1m1lar manner as has been convent1onal 

1nfrared spectroscopy, however, FTIR offers better 

sens1t1v1ty. Fundamental aspects of FTIR w1ll be br1efly 

d1scussed as w1ll the reason for better sens1t1v1ty 

Convent1onal spectroscopy 1s known as frequency-doma1n 

spectroscopy, that 1s, the s1gnal from the detector 1s 

always plotted versus the frequency of l1gbt strl~_-g the 

sample Four1er transform spectroscopy 1s d~f=e-c-- ~~ that 

polychromatlc l1ght str1kes the sample and s1gnal 1s plotted 

versus t1me (t1me-doma1n s1gnal) That 1s, the waveforms of 

each component wavelength of l1ght that 1s transm1tted by 

the sample are added together and a t1me doma1n spectrum 

results. Th1s result1ng s1gnal can, through a ser1es of 

mathemat1cal operat1ons, called Four1er Transform, be 

converted 1nto a Slgnal-vs -wavelength spectLu~ Ire result 

of thls techn1que 1s h1gher sens1t1v1ty because an ent1re 

spectrum can be collected 1n the t1me 1t takes conventlonal 

spectroscop1c method to collect one po1nt Thus the s1gnal 

to no1se rat1o can be reauced much qu1cker and eas1er (17) 

T~e reported uses of FTIR 1n th1s area have beeD very 

s1m~lar to that of convent1onal 1nfrared spectroscopy, the 

study of 1nteract1ons of surface s1lanol gro~ps and 

1mmob1l1zed spec1es be1ng predom1nant (22,23) Although the 

amount of quant1tat1ve methods that have been reported lS as 
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low as Wlth convent1onal lnfrared spectroscopy, the qual1ty 

of those from FTIR 1s cons1derably 1mproved 

V1nyltr1ethoxys1lane (VTES) 1s one of the types of 

s1lane coupl1ng agents that are w1dely used to 1mprove the 

propert1es of the 1nterface between glass f1bers and a 

polymer matr1x for f1berglass-re1nforced plastlcs. The 

relat1onsh1p between VTES concentrat1on 1n the reactant 

m1xture and the amount of surface coverage that has been 

obtalned has been stud1ed w1th FTIR 1n wh1ch quant1tat1ve 

lnforma "':.lor, Pas supplled ( 24) 

Alt~- c the l1m1t of de~ect1on 1s much lower than for 

convent1onal 1nfrared methods, the relat1ve amount of the 

v1nyls1lane that had been 1mmob1l1zed was very close to the 

l1m1t of detectlon of the 1nstrument Any d1fference 1n the 

two spectra obta1ned {l e the sample and background) would 

be due only to any 1mmob1l1zed spec1es that are present on 

the s1l1ca surface In order to ob~aln the f1nal dlfference 

spectrur =~~~ t0e samp~e and background spectra must be 

scanned many t~mes In order to decrease the 

slgnal-to-no_se rat1o and resolve cer~a~n peaks the spectru~ 

was scanned a m1n1mum of 1000 t1mes When the amount of 

1mmob1l1zed v1nyls1lane was low, due to low concentrat1ons 

of the VTES 1n the react1on m1xture, as mary as 15,000 scans 

were necessary to resolve the spectrum In sp1te of the 

t1me consum1ng measLrement process {about one hour for 

15,000 scans) some 1nterest1ng results were reported 

As woula be expected, the amount of v1nyl groups 



1mmob1lized Increases when the concentrat1on of VTES 1n the 

Immoblllzation reaction m1xture 1s Increased The amount of 

v1nyl groups that are 1mmob1l1zed 1ncreases quickly when 

there lS llttle VTES 1n the reaction m1xture but then beg1ns 

to level off as 1f there lS a llmit to the amount of v1nyl 

groups that can be Immobillzed Table II shows the amount 

of VInylsilyl groups that were 1mmob1l1zed Wlth var1ous 

amounts of VTES 1n the react1on m1xture 

However, the absolute amount of Immob1l1zed v1nyls1lane 

1s extraord1nar1ly h1gh Normally the amount of 1mmob1lized 

groups rarely exceeds 10 pmol/m 2 • Sue~ a h1gh excess of 

1mmob1l1zed groups 1s due to the fc~ma~_8n of additional 

react1ve s1lanol groups One of t~E E_ ~-~ gLoups from VTES 

reacts w1th a surface silanol group wh1ch 1mmob1lizes that 

v1nyl group However the o~her two ethoY• groups are 

capable of reacting w1th s1lanol groups or of becow1ng 

s1lanol groups themselves The production of these 

additional s1lanol groups g1ves the 1mmob111zed v1nyl group 

the ability to polymer1ze th1ough s1loxane nonas (25) On 

the assumption that eacn v~ryl group occuPLes a space of 

0 40 nm 2 the last column of Table II shows how many 

layers of molecules ~ave been 1mmob1l1zed 

The values that were reported for the surface coverage 

should not be regarded as an absolL~e measure of Lhe amount 

of ~~m~n111zed v1nyl groups I~ oraer to ~ake quant1tat1ve 

-1 measurements the 1602 em band of the vLnyl group was 

Integrated Bowever, the cal1brat1on curve ~as produced 
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TABLE II 

AMOUNT OF IMMOBILIZED VINYLSILANE ON GLASS FIBER AS A 
FUNCTION OF THE CONCENTRATION OF VTES IN THE 

REACTION MIXTURE (REFERENCE 24) 

Sllane Surface Number of 
Concentratlon Coverag2 Layers 

Wt % (pmol/m ) 

0 1 9 97 24 
0 2 20.6 50 
0 3 19 6 41 

0 4 22 6 :) -
0 5 37 2 90 
0 6 46 7 112 
0 7 56 1 135 
0.8 62.1 150 
1 0 77 9 2_811 

1.0 74 4 179 
1 0 72 1 174 
1 2 90 2 217 
1 4 81 7 197 
1 5 82 4 198 
1 6 105 252 
1 8 103 2.18 
1 9 123 297 
2 0 102 2LC: 

2.0 101 243 
2 0 131 316 
2 0 98 8 238 
2 0 135 325 



w1th the non-1mmob1l1zed form of VTES and the absorpt1v1ty 

-1 at 1602 em was assumed to rema1n unchanged after the 

1mmob1l1zat1on procedure No rat1onale or explanat1on was 

g1ven to support th1s assumpt1on 

The FTIR procedure reported 1s more sens1t1ve than 

convent1onal 1nfrared techn1ques, so that the amount of 

1mmob1l1zed spec1es can be d1rectly determ1ned 1nstead of 
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be1ng determ1ned by the loss of s1lanol groups Stlll, FTIR 

1s not sens1t1ve enough for the determ1nat1on of monolayers 

of molecules The number of scans tbat would be necessary 

and the tLme that would be consumec 1r the process of 

detect1ng a monolayer (lf a monolayer coula be detected at 

all) would be extraord1nary 

Pbotoacoust1c Spectroscopy 

The photoacoust1c effect has long been used for the 

study of gases, but lt has JUSt recently been used to 

~roauce ultrav1olet, v1s1ble and 1nfrared spectra of hlghl} 

scatter1ng sol1ds The operat1on and sample preparat1on of 

photoacoust1c spectroscopy (PAS) 1s relat~vely s1mple (31) 

T~e saMple 1s placed 1nto a sound-lnsulated chamber that has 

a sens1t1ve m1cropbone Ln 1t The sample ~s 1rrad1at1ated 

w~t~ a s1ngle wavelength of l1aht at a t1~e If the sample 

absorbs at that spec1f~c frequency the e~ergy of the 

rad1at1on wlll be converted 1nto v~brat1onal energy of the 

sol1d whlch w1l1 then be transfered tc the surround1ng gas 

as klnetLC energy The beam of lDCldent rad1at1on LS 
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chopped, that 1s, the rad1at1on lS alternat1vely turned off 

and on aga1n Thls, 1n effect, produces an alternat1ve 

heat~ng and cool1ng of t~e surround1ng gas whlch 1n turn 

produces expans1on and contract1on of the gas When the 

frequency of the chopper lS the same as an aud1ble frequency 

the expans1on and contract1on of the gas can be detected 

w1th the m1crophone 

The photoacoustlc effect lS observed prov1ded the 

rad1at1on lS absorbed by the sampler thus the power of the 

detected sound lS dlrectly related to the amount of 1nc1dent 

rad1at1on that was absc~c~ ScaLterea, reflected or 

transm1tted rad1at1on has no effect on the resultant s1gnal 

(17) 

The appl1cat1on of PAS to slllca-lmmoblllzed chem1cal 

spec1es lS lmportant for two reasons. w~th other 

specLroscop1c methods the slllca support can easlly 

1nterfere w1th the deLect1on of 1mmob1l1zed spec1es because 

there lS such a large e~co~s cz s1l1ca compared to the 

spec1es of 1nterest. However, P~S lS l1m1tea to the surface 

of s1l1ca where the relat1ve amount of ~mmob1l1zed spec~es 

1s much greater Also tne phys1cal naLure of the sample lS 

much less cr1t1cal than w1tn alternat~ve techn~ques 

Presslng t~e sample lTILO pelleLS lS n~t necessary, all that 

1s necessary 1s 1ntroduc1ng the s1l1ca ln a reproduclb~e 

manner 1nto the sample chamber for each run (26) 

Even Lhough PAS lS well su1ted for t~e quantltatlve 

study of Slllca-lmmob~llzed chem1cal spec1es, most of the 
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llterature 1s concerned w1th qual1tat1ve stud1es o~ly The 

f1rst reported use of PAS was the study of ferrocene 

reagents 1mmob1lized on silica (27) Other studies have 

I~volved the study of Immobilized chromatographlc phases 

(28) and Immobilized chelat1ng agents (14,29) 

Only one report was found where quantitative 

Information was reported In fact, th1s report was one of 

the very few that were concerned only w1th the determination 

of Immobllized chemical spec1es (26). The types of 

1mmob1l1zed spec1es that were studied were those commonly 

usea as chemically bonded stationary phases fo~ use In 

chromatography and ma~e use of alkyl-, phenyl-, and 

aminoalkyl- mod1f1ed silica. The exam~nat1on of these types 

of ~mmob1l1zed spec1es was made 1n the near 1nfrared reg~on 

of the spectrum. Most of the quantitat1ve Information was 

oota1nea from X-h stretchlng, where X 1s C, N, or 0 The 

molar absotptlVlt} of these types of bonds 1s generally low, 

howeve1, the surface coverage was great enough so that a 

measurable signal was obtained Th1s region was chosen 

because ~t prov1des well-resolved absorpt1on bands, 

relatlvely free ~rom ~rterferences 

Cf the two Infrarea methoas already discussea, one 

totally Ignores the reed fo: a calibrat1o~ curve, the ot~er 

uses the sig~al from t~e non-lmmobilized spec~es to 

calculate the amount that has been 1mmobi~1zed This report 

uses a much more common method of producirg a calibrat1on 

curve The photoacoust1c signal 1s plottea versus the 
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surface coverage as determ1ned by elemental ana1ys1s (26) 

In thls case cal1brat1on aga1nst elemental analys1s 1s the 

best (elemental analys1s Wlll be dlscussed more extens1vely 

1n the chem1cal methods sect1on) because the spectra of 

1mmob1l1zed spec1es are not necessar1ly the same as for the 

- non-1mmob1l1zed form (the 1nfrared peaks are shlfted to 

longer frequenc1es 1n the 1mmob1l1zed form) In fact, the 

spectrum lS descr1bed as belng between the spectra found for 

l1qu1d and solld samples because of the sllgPt decrease 1n 

mob1l1ty of the spec1es when 1t lS 1mmob1l1zed, but not 

cc~r~c'~ -~moblllty found when lt lS frozen (30). 

Both the surface coverage for several al1phat1c bonded 

chromatographlc stat1onary phases was stud1ed and the 

lE~C~-- r-~=lle f01 t~e lmmoblllzatlOn of tWO stat10nary 

phases were determ1ned. Table III shows the surface 

coverage for d1fferent lengtPs of al1phat1c chalns. Table 

IV shows the amourt of octadecyl-modlfled s1l1ca that has 

been produced w1th t1me Flnally, Table V shows the amount 

of f-pheLetnyl-modlfled s1l1ca produced w1th t1me 

Photoacoust~c spectroscop1 lS lPdeed sens1t1ve enougP 

~o detect the small amount of mater1al that lS presert when 

an ~wmob1l1zat1on has taken place unfortunatel}, the 

authors old not ment~on JUSt ho~ sens1t1ve the method lS or 

even poss1ole 1~~1ts of detect~on T~e cal1brat1on curves 

obta1ned ~ere nearly llnear, each cal1brat1on curve haa 

cal1brat1on coefflClents of at least 0 99 However, 1t _s 

recessary to plot a dlfferent callbratlon curve for every 



TABLE III 

SURFACE COVERAGE OF DIFFERENT ALKYL SUBSTITUENTS 
ON SILICA (REFERENCE 26) 

Immob1l1zed PAS S1gnal Elemental Analys1s 
Spec1es 1182-1188nm Surface C~verage 
Analog (rel UnltS) (pmol/m ) 

Hexane 0 195 1 72 

Octane 0 260 1 69 

De cane 0 303 1 86 

Dodecane 0 331 1 63 

Octadecane 0 390 

TABLE IV 

SURFACE COVERAGE OF OCTADECYL-MODIFIED S:LICA 
WITH TIME OF REACTION (REFERENCE 26) 

T1me PAS S1gnal El""""'""F~ra A"lalys_s 
(mln) 1710nm 1188nm Surf~2e C~verage 

(,lmol/f"l ) 

2 0 345 0 325 0 94 

6 0 405 0 378 1 11 

16 0 433 0 428 1 25 

30 0 453 0 455 1 32 

60 0 477 0 482 1 40 

150 0 503 0 509 l. 47 

1260 0 517 0 517 1 49 
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TABLE V 

SURFACE COVERAGE OF PHENETHYL-MODIFIED SILICA 
WITH TIME OF REACTION (REFERENCE 26) 

T1me PAS S1gnal Elemental Analys1s 
(mln) 1664nm 1130nm Surface Co~erage 

(pmol/m ) 

1 0 278 0 155 1 33 

4 0 300 0 163 1 60 

10 0 355 0 183 1 89 

20 0 395 0 193 1 94 

120 0 410 0 208 2.12 



type of compound that 1s to be 1mmob1l1zed 

The autDors cla1med that the methoa used was 

non-destructlve to the sample Th1s 1s true prov1ded the 

s1l1ca support 1s 1n a very f1ne powder form In other 

words, there 1s a l1m1t to the amount of l1ght d1ffus1on 

that can be caused by the sample Recently, work has been 

done so that through a mathemat1cal treatment much larger 

part1cles of s1l1ca (and much more d1ffus1ng) can be 

compared w1th other sol1ds (31) 

31 

The f1nal dlEaavantage of PAS concerns the placement of 

the sample WltD~r t•- sample chamber The d1stance betwee~ 

sample and the rad1at1on source and m1crophone must be kept 

constant from run to run. Var1at1ons 1n th1s d1stance can 

cause fluctuat1ons 1n the amount of energy that has been 

absorbed or the amount of energy that reaches the detector. 

In sp1te of these shortcom1ngs PAS 1s one of the most 

sens1t1ve, least destruct1ve phys1cal metDods reported for 

the determ1nat~o1 cf ~mmot1l1zea spec1es. 

Carbon 13 Nuclear Magnet1c ResonaDce 

Carbon 13 Duclear magnet1c resonance spectroscopy (NMR) 

has seldom been used 1n surface stud1es, probably due to the 

poor resolut~on aDd low sens1t~v1ty of the tec~n~que (32) 

Bowever, the appl1cat1on of 1ts use offers tDe advantage of 

reduced 1nterference from the s1l1ca support Carbon 13 NMR 

has been used to study the surface 1nteract1ons {w1th other 

spec1es and metal 1ons) of 1mmob1l1zea chelat1ng agents (20) 



as well as other types of Irr~obillzed s1lanes (32) 

However, no technique was found that employed NMR and 
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reported any quantitatlve Information In fact, one author 

noted "The lntensities of the peaks cannot be trusted for 

quantitatlve measurement" (33) Peak 1ntens1t1es may not be 

reliable for quantltative measurements but the possibllity 

of mak1ng quant1tat1ve measurements has been recently 

suggested (69). Util1zat1on of th1s techn1que 1nvolves 

knowledge of nuclear Overhauser effects and sp1n lattice 

relaxat1on t1mes In order to quantitate the 1mmob1lizea 

species 

Fluorescence Spectroscopy 

The env1ronment on the surface of a s1l1ca support 1s 

part1cularly su1ted to fluorescence determ1nat1on because 

opt1cal em1ss1on 1s much more sens~tive than 1s absorpt1on 

(17) The use of ultraviolet-vlSlb~e fluorescence 1s JUS~ 

beco~Ing an 1wportant analyt1cal tool for the 

character1zation of surfaces The alterations needea to use 

a convent1onal solution fluorometer for solld-state samples 

are relat1vely m1~or, and simply 1nvolve plac1~g 

mlcroparticulate s1l1ca In~o a quartz tube and placing the 

tuLe 1n ~~e sample c~amber of the =luorometer Then all 

that 1s needed lS the opt1m~zat1on of the s1gnal by slightly 

cha~g1ng the pos1t1on of the quartz sample holaer 

Gltravlolet-vlslble fluorescence 1s affected by many 

a1fferent factors such as solvent polarity and v1scos1~y, 
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pH, hydrogen bondlng aDd temperature Th~s makes 

fluorescence very well sulted to the characterlzatlon of 

lmmoblllzed specles on slllca surfaces because lnLeractlons 

Wlth other specles are clearly evldent from fluorescent 

sprectra 

The dlstrlbUtlon of lmmoblllzed chemlcal specles has 

been studled Wlth fluorescence by exploltlng the fact that 

the emlsslon of lmmoblllzed pyrene lS changed when one 

pyrene molecule approaches to Wlthln 0 3-0 5 nm of another 

(34,35) Only one method was found that Gsed fluorescence 

as a dlrect measure of the amount of lm~cbllzed specles 

(55) Dansyl chlorlde was employed as the fluorescent tag, 

when reacted wlth amlno groups to form sulfonamlde 

derlvatlves, lt produces a hlgh quantum-yleld fluorophore 

that provldes emlSSlon spectra ln the VlSlble reglon. Thls 

last pol~t lS lmportant because Slllca absorbs ln the 

ultravlolet reglon. A Wlde varlety of amlnes were studled. 

~o~o-, c_- aDd trlet~oxys~lyl groups ~ere SLUdleo to provlde 

an assessment of Slllcas that contaln only monomerlc surface 

groups (l e groups that cannot under~o polymer~zatlon) and 

Slla~es that are capable of undergolng polymerlzatlon (l e 

d~- ana trlethoxysllane) 

Fluorescence ltself lS DOL an absol~~e measure of the 

amount of lmmoblllzed specles present, the fluoresce~ce 

slgnal needs to be ca~lbrated agalnst an lncependent methoo 

In th~s case the amlne contenL was deter~~rec by non-aqueous 

aclo-base tltrlmetry (tltrlmetrlc methods Wlll be dlscussed 



1n the chem1cal methods sect1on) 

The results of the quant1tat1ve determ1nat1ons are 

shown 1n Table VI The f1rst column l1sts some of the 

d1fferent types of spec1es that were 1mmob1l1zed The next 

column g1ves the results of the ac1d-base t1trat1on. In the 

th1rd column, no mert1on was made as to how the amount of 

1mmob1l1zed dansyl chlor1de was determ1ned Both the 

absorbance and em1ss1on spectra for the free and 1rnmob1l1zed 

dansyl chlor1de are not s1m1lar eno~gh to make a correlat1on 

and quant1tate the 1mmob1l1zed form Tre f1nal column 

represents the percentage of dans1~ ~ ___ oe that has 

reacted w1th the am1ne All of the percentages are much 

less than 100 %. The poss1b~l1ty of 1~creas1ng that value 

1s rather small because a large molecule such as aansyl 

chlor1de 1s not go1ng to be as ava1lable to as many arn1no 

groups, as a proton1c ac1d would, due to port1ons of pores 

w1th narrow d1ameters (11) In any event, table VI 

emphac1zes the maJor d1sadvartage o! ~~L~!escence, a~~ for 

that matter, most spectroscop1c methods 1n general because a 

d1fferent cal1brat1on curve 1s needed even when there 1s a 

small change ~n the structure of tne 1mmob1l1zed spec1es 

~lthough fluorescence 1s appl1caole to opaque samples 

there 1s a 1~m1t, as Lhere 1s w1th P~S, the part~cle s1ze 1s 

11m1ted to very f1ne powders If the support 1s of any 

larger part1cle s1ze the method would be sample destruct1ve 

because the sample must be ground 1nto a su1table powder 

Phys1cal methods of determ1n1ng 1mmob1l1zed chem1cal 



TABLE VI 

COVERAGE DATA FOR AMINATED AND DANSYLATED 
SILICAS (REFERENCE 55) 

Immob1l1zed Am1T1e Content Dansyl Content Percent 
Spec1es ( )-lffiO 1/ g) ()-lmol/g) Convers1on 

Am1nop1opyl 462 250 54 

Am1nop1opyl-
methyl 500 250 50 

Amlnopropyl-
d1methyl 6:8 310 50 
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spec1es, ln general, are mostly concerned w1th 

character1zat1on of the surface of the 1mmob1l1zed support 

Informatlon 1s des1red about the 1nteract1ons of the 

1mmob1l1zed spec1es have Wlth themselves, Wlth other free, 

spec1es or even solvent molecules Quant1tat1ve results are 

usually sought only when they can help eluc1date some of the 

1nteract1ons that may take place The s1gnals obta1ned from 

most physlcal methods are also d1ff1cult to quant1fy, 

cal1brat1on curves must be determlned from alternatlve 

procedures and these cal1brat1on curves are usually 

developed from chem1cal methods ~_,,e except1on of 

carbon 13 NMR, phys1cal methods requ1re great str1ctness as 

to the actual form of the s1l1ca sample. Not all methods 

requ1re pulver1z1ng the support ana f~~ss_ng 1nto a pellet, 

but the others requ1re at least a f1ne powder for the 

determ1na1on. Phys1cal methods probably w1ll not be used 

for the rout1ne determ1nat~on of lmmoblllzed specles and for 

the fact that a large lnltlal lnves~re~~ of equ1pment lS 

necessary 

Chem1cal Methods of Determ1rat1on 

Some type of ph~slcal method lS requ1red for the 

detectlon of a~y chemlCai spec~es Fowever, t~ls sectlon lS 

separatea from phys1ca1 methoas because lt deals w~th 

chem1cal react1ons that ald 1n the determ1nat1on of one 

spec1es by measur1ng quantltles of other chemlcal spec1es 

Although callbratlon curves are needed ln the ~se of 



chemlcal methods, as well as physlcal methods, the specles 

detectea lS not an lmmoblllzed one so all lnformatlon that 

has been collected for free specles can be used ln an 
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analytlcal determlnatlon There ls also less restrlctlon on 

the actual phys1cal form of the Slllca support, lt can be a 

flne powder or cons1st of large part1cles. The maJor 

d1sadvantage of chemlcal methods lS the occas1onal lack of 

selectlvlty of some of the procedures Some methods are 

selectlve toward certaln types of funct1onal groups and some 

methods have absolutely no selectlvlty at all (these Wlll be 

dlSCUSSed) 

Thermometrlc and Potentlometrlc 

Tltratlons 

Thermometrlc (36) and potent1ometr1c (37) t1trat1ons 

are both well establlshed conventlonal techn1ques. A 

potentlo~etrlc tltratlon lnvolves measurement of the 

d1fference ln potentlal between the work1ng electrode and 

the reference electrode durlng a t1trat1on The potentlal 

dlfference produced lS measurea eltner Wlth a potentlometer 

or a pH meter. A potentlometer lS used when grea~ prec1s1on 

~s neeaed, however the 1nstrument mere1y neeas to l~dlcate 

wnen ~he endpolnt ls reached, and the crltlcal measurement 

lS t~a~ of volume Slnce ~he concentra~_on of the tltra~t 

and tne sto1ch1ometry of the react1on can be known the 

amount of lm~oblllzed spec1es can be determ1ned (38) 

The on1y requ1remen~ needed ln the aevelopmen~ of a 
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potentlometrlc method lS a change ln the potentlal of the 

solutlon Somehow ln the course of the reactlon, elther an 

electroactlve substance needs to be consumed or produced, or 

there needs to be a change ln the electroactlvlty of specles 

present. Acld-base reactlons are very popular because of 

thelr convenlence (39) It ls lmportant to note that the 

tltratlon of an lmmoblllzed acld Wlth strong base ls 

lmposslble because the slllca framework ltself lS destroyed 

at a pH above 9-10 (13) Tltratlons can also lnvolve 

complex formatlon (a metal lS taken out of solutlon), 

preclpltatlc r- ~ lOnlc specles are removed from solutlon), 

and reductlon-ox2oaLlOn reactlons (a change ln potentlal lS 

produced) (37). 

Equlvale~ro ~0 'nt dete~~l~atlon lS a matter of 

observlng changes ln slopes of Lltratlon curves. The actual 

shape of the plot Wlll depend on the actual type of 

tltratlon that lS belng performed It Wlll depend on 

whethel electroactlve specles are belng consumed, produced 

or both A re '-e~ on the tltratlon plots produced and 

determlnatlon of equlvalence polnts has been publlshed (37) 

Thermometrlc tltratlons are essentlally the same except 

that the temperature of the solutlon belng stualed ls 

measured, lnstead of the poLent~al Also, when deslgnlng 

proceaures, a reactlon ~s neeced thaL elther produces or 

consumes heat Acld-base tltratlons are the ~ost common 

Wlth thermometrlc tltratlons as well Acld-base reactlons 

are hlghly exothermlc and thus thelr thermometrlc tltratlons 



are very sens1t1ve 

The flrst reference ln whl~h potent1ometr1c and 

thermometrlc t1trat1ons were used to determ~ne 1mmob1l1zed 

spec1es appeared 1n 1981 (39) The 1mmob1l1zed analog of 

ethylened1am1ne was 1mmob1l1zed by react1ng 
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N-(2-amlnoethyl) (3-amlnopropyl)trlmethoxysllane w1th 

controlled-pore glass. The controlled-pore glass was f1rst 

t1trated wlth copper(II) sulfate Wlth thermometr1c end-polnt 

detectlon A number of t1trat1ons were conducted on the 

sample 1nclud1ng t1trat1ons Wlth vary1ng rates of tltrant 

addltlon The end-polnt cor!~~-, ~2c to 1 6~ + 0 14 

pmol/m 2 of copper-b1nd1ng s1tes, ~~a1cat1ng the 

reproduclblllty of the met0od (36) 

A potent1ometr1c t1trat~0. ·~- D.aae on tne same sample 

of modlfled controlled-pore glass Averaglng all repl1cate 

determlnatlons gave a capac1ty of J 12 + 0 08 pmol/m2 

Thls value lS ln good agree~ent Wlth the results of 

elemental analysls (3 26 + 0 16 ~~21/m 2 ) and alternat1ve 

copper b1nd1ng capac1ty stud1es t3 66 ~ 0 22 pmol/m2 ) 

(14) 

Although there lS good ag~eerrent between tne 

po~entlometrlc t1trat1on and ~~dependent methods, tnere lS 

very poor agreemen~ between ~he potent1ometr1c tlt~atlon aDd 

the tnermometrlc t1trat1on for copper blnd~ng capaclty T0e 

value obtalned by the thermometrlc t1trat1on lS 

approxlmately one-nalf of the capaclty obta~ned by the other 

methods The d1screpancy was glven as the result of the 
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Cu(II) form1ng a Cu(II)-(ethylenedlamlne) 2 complex. The 

author reported that the second step 1n the format1on of 

th1s complex, wh1ch 1s a rearrangement of the l1gands 1n the 

complex (from a 1 4 complex to a 1 2) when a second Cu(II) 

1s added, has an exper1mentally unobservable react1on 

enthalpy and thus the f1nal value was one-half of 1ts 

1ntended value (52) However, the magn1tude of the 

temperature, or heat measurement 1s not used 1n the 

calculat1on of capac1ty The end-polnt 1s not dependant on 

the actual value of the temperature but on a change 1n slope 

that 1nd1cates the proper amount of t1trant tnat has been 

added. So the rearrangement of the complex proauced no heat 

of react1on and rema1ned undetected However, the 

~otent1om~tr1c t1trat1on was demonstrated as a useful method 

for the determ1nat1on of 1mmob1l1zed chelat1ng agents. 

Catalyt~c K1net~c Method 

One of the 1ntermeo1ates 1n the enzyme lmmob1l1zat1on 

procedure 1s an 1mmob1l1zed aldehyde group (7) A procedure 

for the catalyt1c determ1nat1on of Slllca-lmmoblllzed 

aldehyde groups has been reported (~0) Th~s met~od was 

1n1t1ally very prom1s1ng beca~se the 1~mob1l1zed alderyde 

groups were reported to act as catalysts aDd thus were not 

dest~oyeo 1n the course of tre determ1nat1on 

p-D1am1nobenzene reacts wlth aqueous hydrogen perox1de to 

produce a hlghly colored ox1dat1on product Ynown as 

Bandrowsk1's base (Flgure 2) (41) The presence of aldehyde 



3 + 

-~c~~o~ 3et~ee~ D1am1nobenzene and Hydrogen 
Perox1de to Form Bandrowsk1's Base 

41 
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groups greatly lncreases the rate of reactlon, whlch has 

been used for a spot test for the presence of aldehydes 

( 4 2) 

A flxed-tlme klnetlc method was used for the 

determlnatlon of aldehyde groups lmmoblllzed on glass beads 

Buffer solutlon, hydrogen peroxlde, glass beads and 

p-dlamlnobenzene were placed ln a flask and allowed to react 

for a predetermlned amount of tlme, 5, 10 or 15 mln Thls 

mlxture was lmmedlately flltered and the absorbance of the 

flltrate was measured Table VII snows the mean values of 

some of the results. The data recr_~ed show that the method 

lS a very reproduclble one and rellaole for the 

determlnatlon of lmmoblllzed aldehydes 

Most of the methods alread~ ~ -~~ssed, lnclJdlng 

physlcal methods, make use of some other lndependent method, 

usually elemental analysls, to callbrate the new method that 

has been developed However, a few methods, lncludlng thls 

one, assume that the behavlor of the lmmoblllzed specles lS 

the same as that o= the non-~m~ob~llZed form Thls practlce 

can be very erroneous, especlally ~~ thls case, when the 

reactlon klnetlcs of both the lmmoblllzed and 

non-lmmoblllzed form of glutaraldehyde are assumed to be the 

same There would be no problem lf lt ~ere demonstrated 

that the klnetlcs of the two f0rms are equal In v~ew of 

thls, the results reported fol the amount of lmmoblllzed 

aldehyde determlned cannot be used as an absolute measure of 

the amount of aldehyde present They can, however, be used 



Support 

Porous 
Glass 

TABLE VII 

REPORTED RESULTS OF ALDEHYDE DETERMINATION ON 
TWO SUPPORTS (REFERENCE 40) 

Mean Amount of Sample Standard 
Aldehyde Determlned Slze Devlatlon 

2 44 pmol/g 5 0.10 

Sllochrom 1 40 pmol/g 9 0 09 
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for a relat1ve measure of the amount of gl~taraldehyde that 

has been 1mmob1l1zed 

One of the obv1ous advantages of th1s procedure 1s the 

catalyt1c behav1or of the alde0yde groups Th1s po1nt, 

along w1th the absence of restr1ct1ons on the phys1cal form 

of the support, suggest th1s method as a very conven1ent 

one However, attempts to use th1s methoa to determ1ne 

aldehyde groups 1mmob1l1zed 1n an open-tubular reactor 

showed that the behav1or of the aldehyde groups may not be 

catalyt1c (43) The s1gnal produced from each succes1ve 

determ1nat1on on the same support decreased. Th1s 

observat1on led to a deta1led k1net~c study of the react1on 

between p-d1am1nobenzene and hydrogen perox1de and the role 

that the non-1mmob1l1zed form of glutaraldehyde has 1n the 

react1on (44) 

Glutaraldehyde was found to have an exper1mental order 

of 2/3 Th1s fract1onal order suggests a much more 

compllcated step 1n the mechan1sm than that of a catalytlc 

step The aldehyde group does not act 1n a truly catalyt1c 

manner, but rather acts as a promoter of the react1on In 

some way, 1n the promot1ng step 1r tne mechan1sm, the 

glu~aralaehyde becomes deact1vated 

Although the 1mmob1l1zed aldehyde group 1s deact1vated 

and the proceaure 1s destluctlve to the sample 1t does have 

some oenef1ts The h~ghly colored nature of the product 

gave r1se to a reported l1m1t of detect1on between 0 02 and 

0 05 pmol of aldehyde groups per gram of support The 



p1ocedure 1s also ve1y select1ve, only aldehyde groups act 

to promote the react1on, ketones have no effect on the 
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react1on So,, 1f the method were cal1brated aga1nst a more 

rel1able one, and 1f the preservat1on of the aldehyde groups 

1s not cr1t1cal, tb1s procedure could be a useful method for 

the determ1nat1on of s111ca-1mmoblllzed aldehyde groups 

Elemental Analys1s 

The most w1dely used method of 1mmob1l1zed spec1es 

o~Lerm1nat1on 1s class1cal elemental analys1s. The 

~~ccedure for perform1ng elemental analys1s on s1l1ca 1s the 

sc~e as for any other type of sample except that 10 - 15 mg 

of the s1l1ca support 1s needed for the determ1nat1on (45) 

a j cnly 0 1 - 3 mg of the s1l1ca support 1s needed for the 

other types of samples (16) The sample 1s placed 1n a 

sample boat and heated 1n an oxygen-rlch atmosphere at 900 

°C Carbon d1ox1de, ~1trogen, and water are g1ven off 

as co~bust1on products Tnese gases are then collecteo and 

ceterm1ned by gas chromatograp~y w~th a thermal conduct1v1t1 

detect1on system The results are usually expressed as a 

percent of a part1cular ele~ent and are then converted to 

coverage ~~ m~ol/g of support and pmo1/m 2 of sup~ort. 

Hydrogen, n1trogen, and carbon can be used to quant1fy the 

~mwob1l1zeo spec1es Howe\er, ~ydrogen 1s present elsewhere 

on the s1l1ca matr1x, 1n the form of surface s1lano1 grou~s, 

so any results obtalned from percent hyd1ogen could be 

erroneous Percent n1trogen has been used to determ1ne 
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1mmobll1zed am1nes (47), but, carbon 1s present 1n such an 

excess to n1trogen espec1ally w1th chromatographlc supports, 

that carbon determ1nat1on 1s the most common Percent of an 

element caD be converted to coverage by means of equat1on 3. 

Coverage (mmol/g} = %C I 1 2 Nc (3) 

N 1s the number of carbon atoms 1n the alkyl chaln. c 

The use of elemental analys1s 1s very common, so 

results from JUSt a few representat1ve papers w1ll be 

dlscussed nere Bonded chromatograph1c stat1onary phases 

for reversec-rnase l1qu1d chromatography can 1nvolve long 

alkyl cna_rs _th a great amount of carbon on the surface of 

the s1l1ca so these types of 1mmob1l1zed spec1es are 

partlCUlarly rell SUlted to elemental analySlS Art1cles 

found were study1ng such th1ngs as the effect of cha1n 

length on the capac1ty rat1o (45,46), the separat1on of 

al~yl-subst1tuted polycycllc aromat1c hydrocarbons (47) and 

the m1n1m1zat1on of res1dual surface s11anol groups (19). 

The determluatlon of the ~mmob1l1zed groups was used as a 

means of acqu1r1ng more 1nformat1on about the behav1or of 

the bondeo phases Table VIII sho~s some of the results 

that were reported wlth these metrods 

Exper1mental deta1ls about the elemental ana1ys1s 

oeter~~natlon were absent 1n all the art~cles found. The 

authors s1mply sa1d that elemental ana~ys1s was performed 

and then reported the results Elemental analys1s 1s a 

1elat1vely s1mple aDd w1dely used procedure but the art1cles 



47 

TABLE VIII 

SURFACE COVERAGE DATA BY ELEMENTAL ANALYSIS 

Immoblllzed Surf~ce Coverage Ref 
Spec1es (prnol/m ) (mmol/g) 

-Sl(CH 3 ) 2 8 7 2 6 45 

-Sl( (CH 2 ) 3 (cH 3 ) 2 4 9 1 5 45 

-Sl(CH2 ) 7cH3 3 84 0.963 46 

-Sl (CH 3 ) (CH 2 ) 7cH 3 3.41 0 98C) .l9 

-Sl(CH3 ) 2 (cH 2 ) 7cH 3 3 23 0 937 19 

-Sl (CH3 ) (CH 2 ) 9cH3 3 8 1 11 45 

-Sl(CH2 ) 10cH3 3 37 0 83( -:u 

-Sl(CH2 ) 14cH 3 3 04 0 718 46 

-Sl(CH2 ) 17cB3 2 .:1 0 72 .:15 

-S.J..(CH 2 J 17cR3 3 24 0 7.:11 46 

-Sl (CH 3 ) (CR 2 ) 17cH 3 2 6 0 78 45 



could be 1mproved lf there was some ment1on of the 

poss~blllty of error and stat1st1cs 1nvolved ln the 

deter~1nat1on 
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Elemental analysls lS a relatlvely Slmple procedure for 

the determ1nat1on of relat1vely large organlc funct1onal 

groups Wlth a falrly hlgh surface coverage The only 

geometrlc requ1rement on the Slllca support lS that lt must 

f1t 1n the sample boat and the furnace Although elemental 

analysls 1s not physlcally destruct1ve to the slllca support 

the lmmoblllzed molecules are combusted ln the determlnatlon 

so the method lS destructlve to the sa~ple Another large 

d1sadvantage lS the fact that there lS Do selectlvlty ln the 

types of functlonal groups or molecules that can be 

deter~lned. If there lS a serles of d_fferent specles that 

need to be lmmoblllzed ln order to lmmoblllze a certaln 

functlonal group, there may be a number of d~fferent 

~olecules lmmob~llzed The presence of unreacted specles 

and slde reactlons produc1ng other functlonal groups makes 

the use of elemental analys1s l~posslble because a strlct 

knowledge of t~e spec~flc lmmoblllzed spec1es lS requlred to 

convert percent carbon to coverage (Equat1on 3). 

Gas Chromatographlc Detect1on of 

Clea~age Products 

Instead of comoustlng the organ1c materlal, as ls done 

~lth elemental analys1s the bonds that ho1a the spec1es to 

the s1l1ca support can be cleaveo and t~en the products 
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detected by gas chromatography There are several poss1ble 

methods ln whlch the cleavage can be performed Each 

procedure has sllghtly dlfferent requ1rements as far as 

react1on cond1t1ons and sample ln]ectlon of the products 

lnto the gas chromatograph but they are all s1m1lar ln thelr 

capabllltles Three methods of cleav1ng the organ1c spec1es 

wlll be d1scussed 

Molten potasslum hydroxlde was used to cleave octadecyl 

groups lmmoblllzed on s1l1ca gels for use as reverse-phase 

l1qu1d chromatographlc phases (48) Ten mlllgrams of the 

SlllCa support was added to 100 mg of dry solld potasslum 

hydroxlde ln a small glass react1on tube A small amount 

(200 pl) of trleth}lene glycol d1methyl ether was added ln 

oroer to make the s1l1ca surface wettable ~o the molten 

potass1um hydroxlde. The react1on tube was placed ln a 

slllcone 011 bath at 216 °C for 2 hours Hexane and 

water were added so the cleavage products would be dlssolved 

1n the organlc phase. Heptadecane was added to the hexane 

as a standard. The hexane phase was then lnJected 1nto the 

chromatograph. A large number of supports were used for the 

determ~natlon, Table IX shows the results for some of the 

d~fferent supports Standard dev1at~ons of repllcated 

samples were determlned to be less than 3 % ln all cases 

Determlnat~ons are not llm~ted to octadecyl groups, o~her 

types of groups can also be determ~Deo, provlded that the 

physlcal propertles of the cleavage products, such as 

bolllng polnts, and thelr chemlcal benavlor ln molten 



TABLE IX 

SURFACE COVERAGE OF DIFFERENT SILICA 
SUPPORTS (REFERENCE 48) 

Support 

L1Chrosorb RP-18 

ODS-SIL-X-5 

Spher1sorb SSODS c18 

Polygos1l 60-5 c18 

HPTLC-Fertlgplatten 

K1eselgel 60 c18 RP 

LlChroprep RP-18 

Vydac 210 RP 

Sep-Pak 

Surface Coverage 
(pmol/g) 

670 

480 

220 

260 

660 

580 

590 

30 

16 

50 
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potass1um hydrox1de are known 

The other two methods a1e not qu1te as well developed, 

and w1Jl only be br1efly d1scussed, but they do show prom1se 

as analyt1cal techn1ques The f1rst uses an aqueous 

solutlon of potass1um hydroxlde as the cleav1ng agent (49) 

The s1l1ca support, 100 mg, 1s placed ln a 2 M KOH solutlOD 

and heated to 80 °C for 30 m1n The greatest problem 

w1th thls procedure lS the fact that the s1l1ca support lS 

decomposed at a pH above 9-10 (13) Most of the peaks have 

the same type of al¥yl group attached to slllca, but the 

reaEc~ t~P~ show up as separate peaks ln the chromatogram lS 

because each of these groups has dlfferent-slzed p1eces of 

the s1l1ca support attached Table X llsts the ass1gnments 

for som~ of t~e peaKs Several of the peaks could not be 

ldentlfled, probably because the slllca attached to the 

alkyl group lS very compllcated Because there are so mary 

peaks, quantlLatlon of the orlglnal amount of lmmoblllzed 

groups must lnvolve ~ntegrat1on of all the peaks on the 

chromatosra~ There ~as an atterrpt on the authors part to 

obtaln quant1tat1ve ~nformatlon, although Done of the 

results were reported however, they dld report that thls 

meLhod produced resu1ts tnat were only about 20% of those 

octa~ned ty USlng elemental anal}S~S. 

The flnal meLhod, alLhough eve~ less develope~, s~cws 

better promlse as a mere rellabe te2hnlque than the 

prev1ously d1scussed procedure Th~s method uses pyrolysls 

as tne method of cleavage (50) About 60 mg of the SlllCa 
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TABLE X 

ASSIGNMENT OF PEAKS FOR CHROMATOGRAM (REFERENCE 49) 

Peak 
Number 

j_ 

2 

3 

4 

5 

6 

7 

8 

9 

11 

CompoL.nd 
Name 

Trl(trlmethylslloxy)hydloxysllane 

Dl(lsopropyloxy)dl(trlmethylsllyloxy)sllane 

Unknown 

Isopropyloxy-trl(trlmethylsllyloxj)Sllane 

Tetra(trlmethylsllyloxy)sllane 

Unknown 

Unknown 

Dl(lsopropyloxy)tetra(trlmethylsllyloxy)dlslloxane 

Isopropyloxy-penta(trlmethylsllyloxy)dlslloxane 

~exa(trlmethylsllyloxj)dlslloxane 

Hexa(trlmethylsllyloxy)cyclotrlslloxane 



support lS placed ~n a pyrolyzer Thls conslsts of a 

platlnum coll that ls usea to heat the sample to 800 oc 
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for 5 sec The pyrolyzer ls attached to an lnterface wh~ch 

ls attached dlrectly to the lnJeCtlon port of a gas 

chromatograph The temperature lS chosen such that the 

maxlmum number of Sl-C bonds are broken and the mlnlmum 

number of c-c or C-H bonds of the octadecyl group are 

broken The cleaved groups then enter the chromatograph 

lmmedlately after pyrolysls and are separated and detecteo 

Each pyrogram obtalned shows a number of peaks, each 

success_,e peak lS due to d1fferent polnts where the 

clea as~ ~= the octadecyl group took place Although no 

attempt was made, by the authors, to quantlfy the amount of 

lmmot~l~:2d spec~es, ~ntegraton of the peak area or 

callbratlon of a peak 1s all that would be requlred to 

quant1fy the lnformatlon 

The detect~on of cleavage products lS very slmllar to 

elemental analysls lr certaln respects Trere lS no large 

restr1ct10D o~ the phys1cal form of the s~11ca support, ~t 

should JUSt be ~n a partlculate form Also they resemble 

each othe~ 1n the fact that the} are co~pletely destructlve 

to the specles tnat have bee~ l~moblllzed There lS a ~aJor 

dlfference lD that the cleavage of whole groups lDtroduces 

select1v~ty, by meaDs of a gas chromatograph, and the 

poss1blllty of 1dent1fy1ng dlffere~t ~mmoblllzed spec~es 

As long as there lS 100% cleavage tnen the add1tlon of a 

standard lnto the sample 1s all that 1s needed for 



quantltatlon, otherw1se a cal1brat1on curve by some other 

method would be needed 

Compar1son of Rev1ewed ~ethods 
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There 1s a large var1ety 1n the cho1ce of a method for 

the determ1nat1on of chem1cally 1mmob1l1zed spec1es. 

Phys1cal methods of detect1on offer the advantage of be1ng 

nondestruct1ve to the 1mmob1l1zed spec1es However, all the 

phfSlCal methods d1scussed here have at least some k1nd of 

restr1ct1on on the phys1cal form of the support. The 

support must always be 1n a part1culate form and sc,Qt~mes 

must be 1n the form of a very f1ne powder Most of tue 

methods, also, lack sens1t1v1ty, the amount of mater1al 

1mmob1l1zed lS so low wlth respect to the s1l1ca s~-r~2e 

that there lS very l1ttle s1gnal. However, because some 

type of spectroscopy lS used 1n each of the methods there 1s 

a very h1gh degree of sens1t1v1ty And, flnally, all of the 

ph1s~cal methods, Wlth the except1on of X-ray fluorescen~e, 

requ1re cal1brat1on curves produced by some k1nd c: c~e~lcal 

method 

Cnem1cal methods, on the ot0er hand, have fewer 

~nstrumental requ~rements, the 1nstruments t~at arE used are 

not elaborate or h1ghly spec1al1zed and are found 1n most 

analyt1cal laborator~es Most of the cnem1cal methoas do 

not requ~re cal1brat1on Wlth some other type of 

determ1nat1on procedure There 1s also a w1ae range 1n 

select1v1ty for chem1cal methods Some are very select~ve, 
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they respond to only certa1n 1mmob1l1zed spec1es or they can 

s~multaneously determ1ne d1fferent spec1es Others offer no 

select1v1ty and respoDd to any type of carbon-con~a1n1ng 

compound 1mmob1l1zed on s1l1ca W1th the except1on of the 

t1tr1met11c methods all chem1cal methods are aestruct1ve to 

the 1mmob1l1zed spec1es 

The actual cho1ce of a method for determ1n1ng chem1cal 

spec1es depends on all of the above factors However, the 

methods 1n the l1terature do not encompass all poss1ble 

como1nat1ons of sample types For example, some of the 

chem1cal methods could be adapted to oeterm1ne 1mmob1l1zed 

spec1es 1n open-tubulal reactors a~d s1ngle bead str~ng 

reactors but none can do so 1n a totally nondestruct1ve 

manner W1th the 1ncreas1ng use of 1mmob1l1zed reagents 1n 

flow lnJectlon analys1s, che~1cal methods w1ll need to be 

developed for the nondestruct1ve determ1nat1on of a w1de 

~ar1ety of these cnem1cally 1mmob1l1zed reagents 

Not all the methods ln ~he l1terature w1th quant1tat1ve 

1nformat1on have been presented ~n th~s rev1ew There 1s a 

quant1ty of l1terature whlch was encounte1ed that s1mply 

save l~ttle aetall of exper1mental procedures used 1n the 

determ~nat1o~ so they have not been 1ncluded lD thls 

d1scuss1on The follow1ng 1s a descr1pt1on of tnem 

Nlnhydrln nas beeD useo to determ~ne ~~mob~l1zea pro~e1n by 

reac~~on Wlth am1no g1oups (53) An unspec1f1ed react1on 

w1th tr1n1trooenzenesulphon~c ac~d was usea to determ1ne 

1mmob1l1zed am~nes (7) Shap1lov (4C) reported that a 
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method had been prev1ously reported 1n Analyt1cal Chem1stry 

that used hydraz1ne to determ1ne 1mmob1l1zed aldehyde 

groups, unfortunately, the reference could not be found In 

fact, the people that were reported to have wr1tten the 

art1cle d1d not publ1sh anyth1ng 1n Analyt1cal Chem1stry for 

that year or for one year before and after the reference was 

to have been publlshed Shap1lov also reported a method to 

determ~ne 1mmob1l1zed aldehyde (54), but 1t was not pursued 

because of the language d~ff1culty Nonaqueous t1tr1metry 

was used to determ1ne 1mmob1l1zed am1no groups {47,55). 

Potent1ometr1c tltratlorc ~~1e made to determ1ne 1mmob1l1zed 

am1nes us1ng perchlor1c o~-~ as t1trant (10) Immob1l1zed 

glyceryl groups were determ1ned by a reduct1on ox1dat1on 

t1trat1on w1th perlodH+p ~F\ T1tra~1ons have been 

performed w1th ac1d to aeterm~ne am1no groups (57) and w1th 

base to determ1ne sulfon1c ac1d groups (58) 

Other methods have been used to character1ze the 

surface compos1t1on of s1l1ca Althoug~ they do not attempt 

to make quant~tat1ve reas~~ements, lt 1s poss1b:e that they 

could be so used The follow1ng 1s a l1st of so~e of those 

methods w1th at least one reference where tney have been 

used to character1ze Slllca-lmmcblllzed chem1cal spec~es 

Ra~an spectroscopy (59), electron sp1n resona~ce (61), 

electron spectroscopy for chem1cal a~al~~1s (62), seconaary 

1on mass spectroscopy (62,63), Auger elec~ron spectroscopy 

(62), ultrav1olet-v1s1ble spect1oscopy (64,65), t~ermal 

deg1adat1on followed by mass spectroscopy (66), proton NMR 



(67), and d1ffuse reflec~ance ultravlolet-vlslble 

spectroscopy (68) 
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CHAPTER III 

DETERMINATION OF IMMOBILIZED ALDEHYDE GROUPS 

On Controlled-Pore Glass, Glass Beads and 

Boros1l1cate Glass Open Tubular 

Reactors 

Immob1l1zed aldehyde groups are generally used as 

~ -~_-sors LO lm~obllized enzymes. F1gure 1 shows the 

1nit~al treatment of a s1l1ca surface w1th 

3-(amlnopropyl)trlethoxysllane to produce a surface w1th 

_-, ~--.._..Lzea arru.-,0 groups These groups are furthEr 

der1vat1zed by a Schlff-base react1on w1th glutaraldehyde to 

produce ~mmobilized aldehyde groups This aldehyde, then, 

reacts througn another Schlff-base reaction with an amino 

group of a lys1ne residue of an enzyme to produce an 

Immob1l1zed enzyme (F1gure 3) An understand1ng of trese 

react1ons as well as opt1m1zat1on of the Immobllization 

process and reacLor des1gn a~d performance requ1res an 

analytical accounting of the react1ve groups attached to the 

surface after each step has been completed Informat1on 

concern1ng the aldehyde atLachwenL IS lmporLant ~ecause the 

ava11ab1l1ty of react1ve aldehyde groups 1mmob1lized largel} 

d1ctates the amount of prote1n mater1al amenable to 

1mmob1l1zation 
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Immoblllzatlon of Enzyme Reactlon Between 
Immoblllzed Amlnopropyl Group and 
Glutaraldehyde, Reactlon Between Immoblllzed 
~laehyde and Enzyme 
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The f1rst part of th1s chapter d1scusses a successful 

method for the determ1nat1on on CPG and an unsuccessful 

attempt for determ1nat1on on boros1l1cate glass OTRs The 

goal of thls research was to develop a method for the 

determ1nat1on of aldehyde groups under contlnuous-flow 

cond1t1ons because of the use of enzyme reactors 1n these 

types of systems. The second part of th1s chapter d1scusses 

the development of a new type of OTR 1n wh1ch CPG lS used as 

the s1l1ca support (1nstead of boros1l1cate glass) In thlS 

f1nal case the aldehyde determ1nat1on method 1s successful. 

Need for Nondestruct1ve MeLhod 

When reagents are 1mmob1l1zed there 1s a react1on at a 

l1qu1d-sol1d 1nterface ~ degree of heterogene1ty 1s 

1ntroduced 1n the d1str1but1on of 1mmob1l1zed chem1cal 

spec1es Some areas end up w1th very l1ttle 1mmob1l1zed 

reagent wh1le others have a g~eat deal of t~e 1mmob1l1zed 

spec1es Hence, a destruct1ve determ1nat1on may be 1nval1o 

because any amount determ1red does not convey useful 

quanL~tatlve 1nformat1on about any other port1on of the same 

sample Because of t~ls, a nondestruct1ve determ1nat1on 1s 

needed so thaL t~e enzyme can be 1mmob111zed ~mmeo1ately 

follow1ng the aldehyde determ1nat1on 

Nee~ for a Chem1cal Method 

MosL spectroscop~c ~echn1ques that could oe used for 

the aldehyde determ~naLlOn e~ther lack sens1t1v1ty (e.g 
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1nfrared or NMR spectroscopy) , or the topology of CPG and 

OTRs and the nondestruct1ve requ1rement rules out other 

appl1cat1ons (e g photoacoust1c spectroscopy) Ne1ther 

1nfrared nor ultrav1olet spectroscopy could be used for 

e1tner CPG or OTRs because the glass absorbs rad1at1on 1n 

those wavelengths. Also, CPG 1s a l1~ht d1ffus1ve sol1d, 

wh~ch compl1cates the use of spectroscopy. The largest 

problem w1th us1ng a phys1cal method to determ1ne aldehyde 

on an OTR 1s that the co1l shape 1s mostly composed of open 

space, only a small fract1on of the space 1s actually 

occup1ed by the reactor conta1n1n? 1m~cDll1zed aldehyde. An 

1nd1rect, nondestruct1ve che~1cal method 1s left as the only 

v1able alternat1ve. 

Shap1lov's "Catalyt1c" Method 

As already d1scussed 1n the l1terature revlew, Shap1lov 

(40} has reported a catalyt1c method for the determ1nat1on 

of 1mmobll1zea alde0yde groups However, th1s method was 

fJund to be destruct1ve to 1mmob1l1zed aldehyde, so that a 

search for a nondestruct1ve chem1cal determ1nat1on was 

undertaken. 

Requ1rements for Metrod Developmen~ 

Eefore th1s worK ~as 1n1t~ated 1t was known that under 

the proper conc1t1ons, some react1ons of the Schlff-base 

type are ~evers1ble Schlff-base reactlons are condensat1on 

react1ons between an aldehyde ard a pr1mary am1ne S1nce 
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alde0yde groups are the spec1es of 1nterest 1t was dec1ded 

that a Schlff-base-type of react1on could be used to 

determ1ne those groups The proposed method 1nvolves 

sto1chlometr1cally attach1ng the probe to 1mmob1l1zed 

aldehyde groups and then remov1ng them from the treated 

surface w1thout 1mpa1r1ng the subsequent use of the aldehyde 

groups for prote1n lmmoblllzatlon. 

An appropr1ate probe has tne requ1rement of easy 

detect1on 1n solut1on Several colored compounds were 

evalaluated for appl1cat1on to a Schlff-base-type react1on 

and ease of detect1on 

A su1table chromophorlc probe of am1ne type has ~hree 

stuructural requ1rements. Flrst, 1t must have only one 

am1no group. More t~a~ : = ----o gro~f ~resents the 

poss1b1l1ty of crossl1nk1ng Wlth ne1ghbor1ng aldehyde 

groups Second, the am1ne must be a pr1mary one 1n order to 

undergo the Schlff-base type of react1o~ And thlrd, the 

am1no group stoula be 1n tne v1c1n1ty of an aromat1c r1ng 

The presence of an aroma~lc rLng near e1ther the am~no or 

t~e aldehyde funct1on fac1l1ta~es the format1on of a 

~our-center n1trogen 1nLermed1ate and makes hyarolysls more 

ll~ely The actual ra~e and spec1f1c cond1t1ons necessary 

for reverslbLllty are depenaent on the spec1f1c nature of 

the s1de chaln 1tself 

Several aromat1c am1nes were cons1dered for use as 

probes ~nlllne lS a logLcal flrst cho1ce However, 

an1l1ne absorbs rad1at1on well 1nto tne ultrav1olet regLon 



- 3 of the spectdrum (~max = 234 nm, - = 7 9x10 

M- 1cm- 1 ) The absorbance ln the ultravlolet reglon 

due to NaClo 4 and the phosphate buffer was too hlgh to 

permlt obtalnlng quantltatlve results for small amounts of 

anlllne ln solutlon (Flgure 16). p-Benzeneazoanlllne 

(~max = 384 nm, ~ = 2 Sx10 4 M- 1cm- 1 ) and 

2,4-dlnltrophenyhlhydrazlne (Amax = 349 nm, £ = 

1.2x10 4 M- 1cm- 1 ) both absorb well lnto the 

VlSlble reglon, unfortunately thelr hydrochlorldes are not 

sufflclently soluble ln water to allow thelr use as probes 

p-Nltrophenylhydrazlne hydrochlorlde (whlch forms a 

hydrazone Ufon reactlon wlth an amlne) lS sufflclently 

soluble ln water and lt absorbs ln the Vlslble reglon 

(Flgure d) A molar absorptlVlty of 1 04xl0 4 

M- 1cm- 1 was determlned at a wavelengtn of 400 nm. 

Hydrazone formatlon from a Schlff-base-llke reactlon lS 

shown ln Flgure 5 Suosequent release of 

p-nltrophenylhydrazlne by nydrolysls lS the reverse 

reactlon 

Experl~ental Methods 

~pparatus A Perkln-Elmer Lambda 38LO UV/vls l~near 

dlode array spectrophotometer operated by a Perkln-Elmer 
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7300 Professlonal Computer {Perkln-El~er, IDe , Norwalk, CT) 

and a~ Integral Data Systems P-132 prlnter (Integral Data 

Systems, lDc , Mllford, NH) was used for collectlon, 

~anlpulatlon, a~d output of all spectra Temperature 
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F1gure 5. React1on Between Immoblllzed Aldehyde 
Groups and p-Nltlop~enylhyd!aZLne 
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studles were performed Wlth the ald of a Lauda K-2/R 

constant-temperature bath (Brlnkman Instruments, Inc , 

Westbury, NY) Wltn a glass clrculat~ng water bath In 

experlments lnvolvlng (CPG) a mechanlcal stlrrer was used to 

avold destructlon of the glass partlcles by the grlndlng 

actlon of a magnetlc stlrrlng bar 

The experlmental setup used for determlnatlons on OTRs 

lS shown ln Flgure 6 A Gllson Mlnlpuls 2 perlstaltlc pump 

(Gllson Medlcal Electronlcs, Mlddleton, WI) was used to 

pump, flrst, the probe solutlon, and then Lhe hydrolysls 

buffer solutlon. Flow was swltched Wlth a Rheodyne Model 

_:41 4-way Teflon rotary valve (Rheodyne, Inc , Cotatl, CA) 

All t~blng was made of Teflon (Cole-Parmer, Chlcago, IL) to 

~~event adsorptlon of the probe reagent on the surface of 

the tublng ~ quartz flowcell was used for absorbance 

measurements 

AdJustment of pH was made Wlth an Orlan Research Model 

601A pH meter (Orlan Reseatcn, Cambrldge, ~~) equlpped wltn 

an epoxy-bod} comblnatlon electrode {Sensorex, Westmlnste~ 

CA) 

Reagents and Solutlons All chemlcals used were of AR 

grade The water usee for solutlon preparatlon was 

delon~zed and further purlfled by dlstlllatlon ln an 

all-boroslllcate-glass stlll Wlth a quartz lmmerslon heater 

(Wheaton Instruments, Mlll''~lle, NJ) The Pydrochlorlde of 

p-n~Lrophenylhydrazlne (NPP) was prepared by reactlon 

between HCl and NPH (Alarlch Chem Co , Mllwaukee, WI) 
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Phosphate buffer solut1ons wete prepared by m1x1ng 

approp11ate volumes of 0 10 M solut1ons of NaH 2Po 4 

and Na 2HP0 4 (Flsher Sclentlflc, Falr Lawn, NJ) untll 

the des1red pH was obta1ned The 1on1c strength of buffer 
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solut1ons was adJusted by add1t1on of an appropr1ate amount 

of NaClo 4 (GFS Chemlcals, Columbus, OH) 

(3-Amlnopropyl)trlethoxysllane (Petrarch Systems, Inc , 

Brlstol, PA) was used to s1lan1ze the OTRs Wlth the 

e~cept1on of one ser1es of exper1ments when 

{amlnophenyl)trlethoxysllane {Petrarch Systems, Inc , 

Brlstol, PA) was used The CPG used for gluLa c_-- ~c 

treatment was purchased wlth the am1nopropyl group alreaay 

1mmob1l1zed {Electro-Nucleonlcs, Inc., Fa1rf1eld, NJ) 

Boroslllcate glass beaas {1 0 mm dlameter, Frcppc_ =~ Co 

Inc , Long Island Clty 1, NY) were used as an alternat1ve 

support for glutaraldehyde A 25 % {w/w) stock solut1on of 

glutaraldehyde {Aldrlch Chemlcal, Mllwaukee, wi) was ~sed 

for most of the aldehyde lm~oblllzatloDs 

[3-[Bls(2-hydroxyethyl)amlr.o)propyl}trlethoxysllane 

{Petrarch Systems, Inc , Br1stol PA) was 1mmob1l1zed ln an 

attenpt to provlde alcohollc funct~oDal groups that coula be 

oxla~zed to aldeh~de groups ~lth chromlc acld (J T Ba~er 

Che~1cal Co , Pn1ll1psburg, NJ) Sod1u~ cyanobcrohydrlde 

(Alar~ch Chem1cal, MLl~aukeE, WI) was used to attempL tne 

reduct1on of the gluLaraldehyde-s~lane 1m1ne bond 

Procedure for Construct1on and Surface Preparat1on ~f 

Boros1l1cate Glass OpeD Tubular Reactors A p1ece of Pyrex 
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glass tublng (8 mm o d and 5 mm l d ) was drawn on a 

caplllary drawlng machlne (Hewlett-Packard, Model 10d5A) to 

produce a colled glass caplllary of 0 7 mm ~ d Whlskers 

were then grown lnslde the caplllary by ammonlum hydrogen 

fluorlde treatment (70) The OTR was then fllled Wlth 

concentrated HCl and heated at 80 °C for 12 h ThlS 

acts to convert unreactlve slloxane bonds to reactlve 

sllanol groups (40). 

Procedure for Surface Preparatlon of Glass Beads. 

Glass beads were used as an alternat~ve support to see lf 

geometry or composltlon of the glass support was responslble 

for glutaraldehyde hydrolysls Glass beads were placed 

lnslde a glass tube and a saturated solutlon of ammonlum 

hydrogen fluorlde ln methanol (J T Baker Chemlcal Co , 

Phllllpsburg, PA) was pumped through The beads were then 

drled Wlth a stream of nltrogen Tne ends of the tube were 

sealed Wlth a torch, and f~nally, the tube Wlth the beaos 

lnslde was heated at 450 °C for 3 h 

Aldehyde Immoblllzatlon Procedure One mllllllter of 

the approprlate Sllane was adoed to 9 ml of 95 % ethanol 

7he solutLon was pumped through the OTR at room temperature 

for 1 h The s1lane was washed from the coll oy pumplng 

tnrough a fe~ mllllters of 95 % ethanol Thls was followeo 

by washlng Wlth a few mllllllters of dlstllled water For 

lmmobLl~zat1on on glass beads, the beads were adoed to tne 

Sllane solutlon and shaken for 1 h Excess Sllanol groups 
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were converted to s1loxane bonds by heat1ng the reactor or 

glass beads at 100 °c for 1 h (24) Th1s cur1ng process 

1ncreases the stab1l1ty of the s1lane coat1ng (71). 

Glutaraldehyde was 1mmob1l1zed by plac1ng about 1 g of 

3-am1nopropyl CPG or glass beads 1n a v1al and add1ng 20 ml 

of 2 5 % (w/w) aqueous solut1on of glutaraldehyde. The 

m1xture was shaken for 1 h at room temperature. The glass 

was then f1ltered out by suct1on, washed w1th d1st1lled 

water and acetone, and allowed to dry. The aldehyde-treated 

CPG was stored 1n a des1ccator Immob1l1zat1on onto OTRs 

d1ffered only 1n the~~ _ ~ __ taralcehyde solut1on was pumped 

through the co1l for 1 h 

Results and D1scuss1or 

Opt1m1zat1on of Exper1mental Parameters The 

aldehyde-1mmob1l1zed CPG was used for 1n1t1al exper1~ents 

and opt1m1zat1on of cond1t1ons It was found more 

conve~1ent to use because o= ~ts very h1gh surface area (139 

m2/g) and 1ts phys1cal form For the attachment of the 

probe about 0 10 g of CPG ~as added to a v~al conta1n1ng 

0 030g NPH d~ssolved 1n 20 ml of 1n an appropr~ate buffer 

For temperature SLUd1es the v_al was placed 1n a 

~ec1rculat1ng water baLh at an app~opr1ate te~perature. The 

mlAture was st~rred for a f~~ec amount of t1me and 

1mmea1ately f1ltered by suct1on from an asp~rator The CPG 

was washed w1th about 5 ml of ~ater, t~en 5 m1 acetone, and, 

allowed to dry At th1s polnL 1t was we1ghed because all 
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compar1sons were made on a slgnal-per-gram bas1s. 

Hydrolys~s was performed by add1ng the CPG to a v1al 

conta1n1ng 20 ml of buffer of selected pH After the 

m1xture had been st1rred for a f1xed amount of t1me, a 

port1on of the solut1on was added to a quartz cuvette and 

the spect1um cbta1ned The progress of each react1on was 

not followed d1rectly, but the effect that a part1cular 

parameter had on each react1on was 1nferred by an absorbance 

measurement made after the hydrolysls step The amount of 

aldehyde present was calculated from the absorbance of the 

solut~on at 400 nm 

The heterogeneous nature of the CPG gave r1se to 

d1fferent results from d1fferent port1ons of the same CPG 

sample. Table XI shows typ1cal results of determ1nat1ons 

made on d1fferent port1ons of a s1ngle sample of 

aldehyde-1mmob1l1zed CPG In order to overcome th1s problem 

and permlt compar~son of d1fferent samples, several 

exper1ments were performed on the same port1on of CPG. One 

of these exper1ment8 ut1l1zed the same cond1L1ons for all 

port1ons used for the opt1m1zat1on of a g1ven operat~onal 

parameter In th~s manner an evaluat~on of each cond1t~on 

could be made by, f1rst, dete~mln~ng the amount of 

1~mob1l1zea aldehyde present, a~d tnen by compar1~g the 

amount of s1gnal produced per m1cromole of aldenyde 

The 1nab~l1ty to d1rectly compare results of d1fferent 

exper1men~s ~ade the 1mplementat1on of the s1mplex method of 

parameter opt1m1zat1on (72,73) successful only to a l1m~ted 



TABLE XI 

RESULTS OF DETERMINATIONS M~DE ON DIFFERENT PORTIONS 
OF A SINGLE SAMPLE OF CONTROLLED-PORE GLASS 

Portlon Amount of Aldehyde 
Number rmol/ g 

1 3 53 

2 2 58 

3 2 02 

<1 3 36 

Mean 3 36 

Standard 
;Je,-'-o::-'.::_on 0 61 
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extent Only the pH used for the probe attachment and 

removal could be ~arrowed down The best pH for the 

attachment react1on was found to be 1n the range ~-6 and for 

hydrolys1s 1t was 6-8 Instead of opt1m1z1ng several 

parameters at once, as the s1mplex method makes poss1ble, 

one parameter had to be opt1m1zed at a t1me by us1ng the 

method d1scussed earl1er 

The hydrogen 1on co~centrat1on has a marked effect on 

both the attachment and the release of NPH (F1gure 7) For 

the hydrazone format1on react1on, exper1ments were performed 

between pH 2.7 and S 4 and a mo>_,_ :~ obse~vea at pH 

about S. For the hydrolys1s step eApe11me~ts were performed 

1n the pH range S-8, a max1mum was obta1ned at a pH of about 

7 At each of these pH values a ma~~m~m s1gnal of 0 SO 

A/umol was obta1ned. 
' 

Bot~ the hydrazone and hydrolys~s react1ons can occur, 

to so~e extent, at a pH between about 5 and 6 At thls prl 

the hydrolys1s step gave a s1g~al a= C 10 to 0 20 ~/umol 

In th1s saMe ra~ge the hydrazone format1on step gave a f1nal 

s1gnal o= 0 30 to 0 SO A/umol Th1s 1s probably due to tne 

effect that a small equ1l1br1um co~stant nas o~ the 

react1on Dur1ng l~e probe attachme~t the NPq concentrat1cn 

1s h1gh so tre hyarazo~e format1on reac~1on lS favored The 

conce~trat1on of NPh 1n t~e hycrolys~s buffer 1s 

comparat1vely low so the reactlon proceeds 1~ ~~e reverse 

d1rect1on 

The opt~mum 10n1c strength was fou~d to be near 1 0 M 
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~for both steps ln the reactlon (Flgure 8) For both cases, 

a maxlmum slgnal of 0 5 P/pmol was obtalned 

In general, Schlff-base folmatlon, whlch lS Slmllar to 

hydrazone formatlon, and hydrolysls of Schlff-bases are both 

relatlvely fast reactlons (74) Thls can cause the rate of 

reactlon wlth CPG lmmoblllzed aldehyde to be greatly 

affected by dlffuslon processes Tlme of reactlon and 

temperature, both, have a large lnfluence on a 

dlffuslon-controlled process. For the hydrazcne formatlon 

the tlme was varled ln 15-mln lntervals betwee~ 15 and 75 

mln (Flgure 9) The maxl~um slgnal was ob-~- =- after 30 

mln, at whlch a maxlmum Slgnal of 0 50 A/pmol was obtalned 

Instead of reachlng a plateau at longer tlmes, the 

hydrolysls reactlon had a maxlmum of 0 EO~~-~ ~~ 20 ~~r 

(Flgure 9) At tlmes less than 80 mln not all Lhe NPH had 

been llberated from the aldehyde A decrease lr absorbance 

was observed at tlmes greater than 80 m~n Th_s benavlor lS 

cue to the destructlon (hydrolysls), w~t~ t~me, of the NPH 

ln solut~on As evldence of thls, a plot o~ aosorba~ce 

versus tlme for NPH ln buffer (pH 7 0) decreases Wlth tlme 

(Flgure 10) 

In order tc optlmlze t~e Lemperature for attachment of 

~he probe the temperature was var~ed between 15 and 70 

0 c The hydrazone formatlon had a ~axlmum value at 25 

0 c, w~lch corresponds LO a maxlmum slgnal of 0 50 A/pmol 

(Flgure 11) At both ~lgher and lower temperatures the 

Slgnal was observea to decrease Thls car be explalned as 
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the result of two compet1ng processes At temperatures less 

than 25 °C the s1gnal 1ncreases Wlth temperature because 

such 1ncrease lmproves the ab1l1ty of NPH to dlffuse 1nto 

the pores of the glass When the temperature exceeds 25 

0 c the effect of the decreas1ng equ1l1br1um constant for 

the hydrazone format1on becomes predom1nant, so the the 

reverse react1on (hydrolysls) lS favored. Thls lS supported 

by a plot of s1gnal versus temperature for the hydrolysls 

step 1n the determ~nat1on Between 5 and 70 °c, the 

1ntens1ty of the s1gnal cont1nuously lncreased w1th 

temperature (Flgure 22) Operat1onal requ1rements set the 

0 
max~m~m temperature at 70 C, wh1ch corresponds to a 

s1gnal of 2 2 A/umol 

Procedure for Determ1n1ng Blank Read1ngs 

3-Amlnopropyl CPG, w1th no aldehyde, was used to obta1n a 

blank read1ng by us1ng the same exper1mental co~d~tlons 

g1ven Thls was done to aete~~1ne the llmlt of detect1on 

Ten blan~ runs were averaged and the amount of aldehyde t~at 

represented ~he average blank plus three sta~aard dev1at1ons 

was taken as the llmlt of detect~on (C 30 umol/g) Blanks 

were run, as well, to de~cnstrate t~at the probe was not 

Just ~nteract1ng w1th any other spec1es, but was truly 

1nteract1ra w1th aldeh1de gro~ps 

Appl1cat1on of Procedure to Aldeh1ae Groups Immob1l1zed 

on Controlled-Pore Glass Because of tne need to 

1mmob1l1Ze prote1n follow1ng a determ1rat1on, 



TABLE XII 

RESULTS OF SEVERAL DETERMINATIONS MADE ON A SINGLE 
PORTION OF A CONTROLLED-PORE GLASS SAMPLE 

81 

Determ1nat1on Number Amount of Aldehyde, pmol/g 

1 2 58 

2 2 47 

3 2 86 

4 2 61 

Mean 2 63 

Standard 
Dev1at1on 0 14 
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reproduc1b1l1ty 1s of great 1mportance Table XII shows the 

resul~s of a ser1es of determ1nat1ons made on a s1ngle 

sample of CPG These results demonstrate an 1mportant 

po1nt The 1mmob1l1zed aldehyde groups are not 

s1gn1f1cantly destroyed 1n the course of the determ1nat1on. 

Implementat1on of th1s method on CPG gave the follow1ng 

equat1on for the cal1brat1on plot 

W = 1 917A- 0.458 ( 5) 

where w 1s the amount of 1mmob1l1zed aldehyde per gram of 

CPG (umol/g) and A 1s the absorbance of the solut1on per 

gram of CPG. 

Procedure for Determ1nat1ons 1n Open Tubular Reactors. 

A contlnuous-flow/stopped-flow method was employed for 

exper1ments w1th OTRs. Determ1nat1ons were made by us1ng 

the same opt1m1zed operat1onal parameters found w1th CPG. 

The NPP buffer solut1on was p~mped 1nto the co~l and then 

tDe flow was stopped At ~he end of t~e 30-mln react1on 

t1me t~e solut1on was qu1ckly pumped out of the OTR w1t~ the 

hydrolys1s nuffer at a rate of about 5 ml/m~n Once all the 

NPH haa been pumped out of ~he co1l, tPe flow was reauced to 

0 190 ml/m1n and the OTR was placed 1n ~~e 70 °r 

temperature nath Dur1ng the reactloP per~od a flow cell 

was used 1mmed1atel2 dowrstream fro~ the OTR so tha~ tne 

absorbance at 400 n~ could be mon1~ored w1th t1me. TDe area 

under the absorba~ce versus t1me p~ot was 

computer-1ntegrated us1ng a trapezo1dal approach 
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The use of OTRs Instead of CPG did not produce 

reproducible results. Single determinations gave values for 

the amount of glutaraldehyde Immobilized ranging between 

0.040 and 0 060 umole (Table XIII) However, the next 

determinatlon on the same OTR produced aldehyde amounts 1n 

the range 0 010 to 0 020 umol Thls behavior 1nd1cated that 

the aldehyde was be1ng lost In the course of the react1on 

It 1s bel1eved that the cause of the aldehyde loss IS 

due to the reversal of the first react1on shown 1~ F1gure 

13, 1e , detachment of the glutaraldehyde from the OTR. 

a buffer of pH 7 0 was pumped through the O~R at 

70 °c, spot tests (42) performed on the effluent 

1nd1cated the presence of aldehyde groups Also, 

g1u~aLc~~cl1yde can oe reimmobilized to an amount 1n the same 

range as was determ1ned by the f1rst run for a g1ven OTP. 

Th1s behavior 1s observed only at high temperatures At 

lower temperatures there IS no hydrolysys, th1s explains 

previcus observations that when enzymes are ~mmobllized 

there 1s l1ttle or no loss 1n enzymatic activity with t~me 

In an attempt to eYplain this behav1or the sa~e 

procedure used for aldehyde CPG was e~ployed on borosi11cate 

glass beads as well as on CPG that had been t1eated w1th 

KH 4HF 2 t~Is ~s a treatment sim~lar to tha~ used to 

produce whisker growth ~ surface e~fect that 1s present 

w1th boros1l1cate glass out absert w1th CPG 1s the most 

likely cause of the 1m1ne hydrolys~s It should be 

1ndicated here that CPG 1s produced from borosil1cate glass 



TABLE XIII 

RESULTS OF SEVERAL DETERMINATIONS ON OPEN TUBULAR 
REACTORS USING THE S~ME CONDITIONS 

AS WITH BATCH SAMPLES 

OTR Number Amount of Aldehyde, pmol 
Run 1 Run 2 

1 0 062 0 018 

2 0 059 0 023 

3 0 046 1 013 

84 
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heated to cause phase separatlon of the borates and 

slllcates. The borate groups are subsequently leached from 

the materlal, leavlng a porous Slllca structure. No phase 

separatlon or borate leachlng ls expected to take place ln 

whlsker growth procedures. Glass beads also showed the same 

decrease upon successlve determ_natlons of aldehyde. CPG 

treated Wlth ammonlum hydrogen fluorlde showed a decrease ln 

slgnal of about 50 % after four determlnatlon (Table XIV) . 

Although there lS some reductlon of aldehyde even Wlth CPG, 

there lS much more aldehyde left after a slngle run than 

wlth boroslllcate glass 

Attempt to Prevent Glutaraldehyde Hydrolysls. When 

glutaraldehyde lS lmmoblllzed o~ glass OTRs there lS a 

hydrolysls of the lmlne under condtlons necessary to 

hydrolyze the hydrazone It was belleved that the 

equlllbrlum constant was relatlvely low so t~at t~e 

glutaraldenyde hydrolysls could be prevented or at least 

suppressed by lntroduclng 1 0 ml of 25 % (w/w) 

glutaraldehyde solut~on lnto 500 ~1 of the h}drolysls buffer 

(pH 7 0) It was bel1eved that thls actlon would force the 

aldehyde groups to remaln lmmoblllzed Fowever, these 

exper~ments showed no cnange ln behavlor 

~~tempts to Produce More Stable I~moblllzed Aloehyde 

Groups As alreaay stated, the loss of aldehyde that was 

shown on OTRs was belleved to be due to cleavage of the 

amlne glutaraldehyde bond An attempt was made to reduce 



TABLE XIV 

RESULTS OF SEVERAL DETERMINATIONS ON A SINGLE SAMPLE 
OF CPG TREATED wiTH AMMONIUM BIFLUORIDE USING 

OPTIMUM EXPERIMENTAL CONDITIONS 

Run Amount of Aldehyde, pmol 

1 5 84 

2 4.34 

3 3 59 

4 2 73 

86 
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the carbon-n1trogen double bond to a s1ngle bond that could 

not be hydrolyzed. Sod1um cyanoborohydr1de 1s a hlghly 

select1ve reduc1ng agent capable of reduc1ng carbon n1troger 

double bonds but leav1ng carbonyl groups unaffected (75) 

Reduct1on of the bond was attempted by d1ssolv1ng 0 5 g 

NaBH 3cN 1n pH 5 0 buffer, and pump1ng th1s solut1on 1nto 

a glutaraldehyde-treated OTR for 1 h. Determ1nat1ons made 

after the use of thls reagent showed that the 1m1ne was not 

reduced because the amount of aldehyde st1ll decreased w1th 

each run. 

It has been shown that commerc1al 

(amlnophenyl)trlethoxysllane conta1ns 70 % meta and pala 

1somers of the compound (76) On the reason1ng that the 

rlg~dlty of the s1lane would keep the 1m1ne group a~a~ 

the s1l1ca surface, (am1nophenyl)tr1ethoxys1lane was 

1mmob1l1zed 1nstead of (3-amlnopropyl)trlethoxysllane 

However the presence of the aromat1c r1ng fac1l1tated 

hydrolys1s, such that t~e f1rst determ1nat1on showed 0 038 

p~ol but tne second showed no aldehyde at all 

Flnally, a dlfferent metnod was used ~n an attempt to 

produce an 1mmob1l1zed aldehyde group Wlth an al1phat1c 

cna1n Tn1s met~od was attempted b} 1mmob1l1Z1ng the 

alcohol [3-[Dls(2-hydroxyethyl)amlno]propyl}trlethoxysllane 

lD an OTR by the same procedure outl1nea for the 

~~mob111zat1on of the other two s1lanes. Th1s s1lane was 

used because 1t was the most su1table alcohol1c s1lane 

ava1lable. An oxlalzlng solut1on was made by d1ssolv1ng 5 g 



of Na 2cr 2o7 1n 10 ml of water and add1ng 5 g of 

concentrated H2so4 and JUst enough water to d1ssolve 
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any rema1n1ng prec1p1tate. The solut1on was pumped 1nto the 

OTR and allowed to react for 1 h. The OTR was then washed 

w1th water and acetone. Exper1ments performed showed that 

aldehyde groups had not been generated by th1s procedure, or 

at least had not surv1ved 1t (p-n1trophenylhydraz1ne d1d not 

1nteract w1th the OTR). 

New Type of Open Tubular Reactor 

The method JUSt d1scussed was successful only when used 

w1th CPG. Boros1l1cate glass shows a drast1c loss of 

aldehyde w1th success1ve determ1nat1ons mak1ng the 

ceterm1nat1on useless for reactors to be used 1n 

contlnuous-flow systems Trad1t1onally, contlnuous-flow 

reactors are often made of boros1l1cate glass. Both OTRs 

and slngle-bead str1ng reactors (SBSR) have been used. 

Slngle-bead str1ng reactors d~ffer from OTRs 1n that small 

glass beads, w1th a d1ameter 65-70% of the 1ns1de d1ameter 

of the reactor have been placed 1ns1de the reactor Thls 

reactor 1s treated w1th ammon1um hydrogen fluor1de as well 

The 1ntroduct1on of beads has twc effects (a\ there 1s a 

sl1ght 1ncrease 1n surface area due to the added glass 

mate:1al, (b) tPere 1s a decrease ~n sample/products 

d1spers1on Iaeally, an aldehyde deter~~~at1on should be 

nondestruct1ve 1n both of these types of reactors 

However, 1t was felt that 1f CPG could be 1ncorporated 
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lnto a reactor lt would be posslble to determlne aldehyde 

groups on the support Wlthout loslng aldehyde groups ln the 

reactor Inltlally, attentlon was focused on the 

posslblllty of embeddlng CPG lnslde a glass OTR. Thls 

thought was soon abandoned because of technlcal dlfflcultles 

assoclated wlth lt However, plastlc tublng should have 

more favorable characterlstlcs (such as lower meltlng polnts 

and easler servlceablllty) that would permlt embeddlng the 

partlcles on the lnslde of these tublng 

Constructlon of Teflon Ooer ~~bular Reactor 

A 0.5 m length of Tef1cn tUblng {0 8 mm l.d., Cole 

Parmer, Chlcago, IL) was heated at one end Wlth a flame so 

that the end could be close~ -~~ the r~essure from a palr 

of pllers. Controlled-pore glass was poured through a small 

funnel lnto the tube. Once the tube was fllled, the open 

end was sealed ln a Slmllar ma~ner The tube was then 

~rapped around a short plece of glass rod and held ln place 

wlth a length of Wlre such tn~t a coll was produced The 

tube was heated ln a muffle furnace at 350 °C for 10 

ml~ Thls temperature was choseD because at hlgher 

te~peratures the Teflon decomposes a~a becomes very brlttle. 

Flgure 12 shows an scanDlng electron mlcroscope photograph 

o= tne lns~de surface after reatlng at 325 °c. At lower 

temperatures the Teflon does not become sufflclently soft to 

allow the CPG to be embedded lDto the Teflon surface. 

Flgure 13 shows a slmllar scannlng electroD mlcroscope 



Figure 12 . Scanning Electron Mic5ograph of CPG Embedded 
Teflon Reactor , 325 C , 107 . 8X 
Magnification 
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Figure 13 . Scanning Electron Micbograph of CPG Embedded 
Teflon Reactor, 350 C, 67 . 9X Magnification 
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photograph of a reactor heated at 350 °c Th1s small 

change 1n temperature causes suff1c1ent soften1ng of the 

Teflon to allow CPG to become embedded 1n the surface The 

f1nal step cons1sted of remov1ng the glass part1cles that 

were not embedded \on the 1ns1de surface of the tube Th1s 

was performed by asp1rat1ng at one end of the tube and 

shak1ng loose the glass part1cles w1th an electron1c 

engrav1ng tool. 

Procedures for Immmob1l1zat1on and Determ1nat1ons 

Glutaraldehyde was 1mmob1l1zed us1ng the same procedure 

used for boros1l1cate glass OTRs. Determ1nat1ons made us1ng 

the new type of OTR used the same cond1t1ons as those w1th 

boros~l_cate OTRs. 

Results and D1scuss1on 

Tygon tub1ng has been used to construct reactors by a 

s1m1lar method (78) Teflon and Tygon were usea as CPG 

supports for several reasons F1rst, both are commonly usea 

1n flow-lnJeCtlon analys1s systems Second, they both are 

1nert to chem1cals used 1n enzymat1c determ~nat1ons. Thlrd, 

they both have soften1ng po1nts atta1nable w1th s1mple 

laboratory equ1pment Also these softe~1ng po1nts are not 

true melt1ng po~nts The polymer softens at these 

temperatures but does not lose 1ts 1ntegr1ty as a tubular 

shape 

The results of three success1ve determ1nat1ons on the 



TABLE XV 

RESULTS OF SEVERAL ALDEHYDE DETERMINATIONS 
ON CPG-EMBEDDED PLASTIC REACTORS 

TEFLON 
Run Amount of Alaehyde, pmol 

1 0 198 

2 0 243 

3 0 237 

';:''iGL 
Run Amount of Aldehyde, pmol 

1 0 0403 

2 0 081.4 

3 0 0764 
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Tygon and Teflon reactors are shown ln Table XVII The 

lncrease ln slgnal w1tn Tygon 1s due to an lnteractlon of 

NPH w1th the tub1ng ltself the p1obe 1s adsorbed onto the 

surface of the Tygon. So the result glven lS a d1fference 

between a slngle blank determlnatlon and the absorbance 
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found on the reactor Each tlme a new run ls made more NPH 

lS adsorbed on the surface of the Tygon, so the slgnal tends 

to lncrease The flrst result lS belleved to be the most 

rellable because lt was made after a slngle blank 

determlnatlon had been made The results show that there ls 

no loss ~- ~he amount of aldenyde lmmoblllzed on the CPG as 

tbere lS c- ooros1l1cate OTRs 

Teflon, hav1ng better chemlcal reslstance, lS a better 

CPG supnc for thls aetermlnatlon because lt does not 

adsorb the chromophorlc probe There ls also the beneflt of 

an lncrease 1n surface area by the use of CPG as a support 

as opposed to the ammon1um hydrogen fluorlde-treated glass 

Controllea-pore glass lr Teflon produces an average of 0 45 

umo1e pe: n.eter of tube ~ength and wlth Tygon 0 43 pmole per 

meter lS produced. Ammonlum hydrogen fluorlde treated 

boroslllcate glass tub~~g produced an average of 0 021 pmol 

per meter 

Equally 1mportant lS that these reactors offer a 

slmpler, eas~er and less t1me consumlng p1eparat1on 

Borosll~cate OTRs, u~der the best of condltlons, car requlre 

2-3 days for preparat1on of a Slngle reactor as opposed ~~e 

1 h for plastlc-CPG OTRs Plso, these ne~ reactors requlre 



no corros1ve chem1cals (such as hydrogen fluor1de) or 

extreme cond1t1ons 1n the1r construct1on, whe1eas 

boros1l1cate OTRs do 
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CBAPTER IV 

DETERMINATION OF IMMOBILIZED PROTEIN 

(ENZYMES) ON OPEN TUBULAR REACTORS 

Introduct1on 

Need for the Determ1nat1on of 

Immob1l1zed Enzymat1c 

Prote1n 

The use of 1mmob1l1zed enzymes 1n flow 1n]ect1on 

analys1s has prompted th1s work for two reaso~s. F1rst, 1t 

1s h1ghly des1rable to be able to quant1tate the amount of 

prote1n mater1al due to enzyme 1mmob1l1zat1on. One would 

l1ke to be able to ma~1m1ze t~e amount of 1mrnoo1l1zed 

prote1n 1n a g1ven reactor If the amount of act1ve enzyme 

1s known 1t 1s then poss1ble to alter t~e c~~~~t~ons of 

1mmob1l1zat1on 1n an attempt to max1m1ze the actual amount 

of enzyme Increas1ng t~e amount of act1ve enzyme per un1t 

length of reactor perm1ts the use of shorter reactors. The 

use of shorter reactors, 1n turn, leaas to a decrease 1n 

d1spersLon {wn1ch produces bane broaden1rg) as well as an 

1ncrease 1n the sample throughput of t~e systen. 

Second, th1s work was underta~en to measure, not the 

amount of act1ve enzyme d1rectly, but to determ1ne the total 

amount of prote1n that has been 1mmob~l1zed Th1s should 
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lead to an understand1ng of some of the aspects of 

1mmob1l1zed enzymes A comparlson lS made between the 

amount of prote1n determ1ned and the actlvlty of a glven 

reactor 

Methods for Determlnlng Free Proteln 

A short revlew (79) lS avallable whlch dlscusses some 

of the more common methods of determlnlng nonlmmoblllzed 

proteln Most protelns have an absorptlon maxlmum at 280 
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nm, attrlbuted to amlno acld subunlts that have aromat1c 

groups. From tne absorbance the amount of proteln 1n 

solutlon lS determlned. The b1uret reactlon utlllzes the 

blndlng of Cu(II) ln baslc solut1on to nltrogen atoms ln the 

a~lno acld subun1ts The complex produced has an absorptlon 

maxlmum between 540-560 nm. Infrared spectroscopy has also 

been appl1ed Turbldlmetry has been used by measurlng the 

llght scatLellng produced from suspens1ons of small proteln 

part1cles There are three maln posslbllltles for utlllzlng 

fluorescence ln proteln determlnatlons (1) the coupl1ng of 

the prote1ns to fluorescent compounds, {2) the quenchlng of 

fluoresce~ce by the add1t1on of proteln, (3) there ls also 

the posslb~llty of us~ng the 1nherent fluorescence of 

prote1ns for qua~t1tat1on The amount of proteln can also 

be de~erm1~ed D} the measurement of the refract1ve l~dex of 

a proteln solut1on 

None of these meLhods co~ld be used or adapted =or th~ 

determ1nat1on of 1mmob1l1zed enzyme The physlcal methods, 
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for 1nstance, requ1re the presence of the proteln 1n the 

measurement step S1nce the proteln 1s 1mmob1l1zed th1s 

would requ1re the presence of the reactor 1n the sample 

compartment of the 1nstrument, wh1ch lS d1ff1cult unless the 

reactor 1s destroyed. 

The b1uret react1on ut1l1zes a 10 % solut1on of sod1um 

hydrox1de Th1s corresponds to a very h1gh pH and may 

result 1n 1nact1vat1on of the enzyme For the same reasons 

llsted for the aldehyde determ1nat1on destruct1on of the 

reactor or 1nact1vat1on of the enzyme are not acceptable. 

However, the revl~ ~r 1 c1s~csses one property of 

prote1ns that was explo~te~ for th1s work. Prote1ns have 

the ab1l1ty to revers1bly b1nd w1th dye molecules. Under 

the proper cond1t1o~s 2 ~- ~ ~3~ be bou~j to a prote1n, then 

released by alter1ng cond1t1ons and, f1nally, determ1ned. 

Methods for Determ1ng Immob1l1zed 

Prote1n 

Several methods have ~ee~ prev1ously reported for the 

determ1rat1on of 1mmob1l1zed prote1n The s1mplest method 

Involves measure~eDt of the a~ffereDce between added prote~n 

and protein recoveree after 1mmob~1Ization (80) However, 

the amount of protein 1mmob1l1zed In relation to t~e amo~nt 

added 1s small so there 1s a large degree of error 1nvolvea 

Th1s 1s especially relevant 1n the case of enzyme reactors, 

where very l1ttle enzyme lS 1mmob1l1zed The follow1ng 

three methoas have better sens1t1v1ty but they are sample 
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destuctive (a) amino ac1ds can be determ1ned after ac1d 

hydrolysis (81), (b) the nitrogen or sulfur content can be 

determined after pyrolys1s (82), or (c) am1no acids have 

been determined with ninhydrln after pronase d1gest1on (83). 

Each of these methods 1s unsu1table for our purposes because 

e1ther they lack sens1t1v1ty or they are sample destruct1ve. 

Reported Method for the Determ1nat1on 

of Immob1l1zed Prote1n 

Recently, a method was reported wh1ch utillzed the 

b1nd1ng of Coomass1e Blue G-250 to prote1n (84) Bov1ne 

serum aloum1n, ovalbumin, urease, and cytochrome c were 

Immob1l1zed on cellulose and hemoglob1n was 1mmob1l1zed on 

glass beads. The dye reagent was composed of 100 mg (0.10 % 

w/v) of dye d1ssolved 1n 100 ml of an aqueous solut1on 

conta1n1ng 10 % (v/v) glac1al acet1c ac1d and 25 % (v/v) 

~sopropyl alcoDol The m1xture 1s shaken for 30 m1n, then 

the excess dye 1s washed out from the support w1th water 

The dye 1s then removed from the prote1n w1th 0 10 M NaOB lD 

20 % water and 80 % methanol (v/v) The solut1on 1s 

neutral1zed w1th BCl and the absorbance measured at 605 nm 

Thls 1s the methoa ~hat was adopted 1n a mod1f1ed form for 

the determ1na~1on of prote1n 1mmob1lized on OTRs 



Exper1mental Methods 

Apparatus 

Most of the 1nstruments used for th1s work have been 

descr1bed 1n the apparatus sect1on of Chapter III. 
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The exper1mental setup used for act1v1ty determ1nat1ons 

on OTRs 1s shown 1n F1gure 14 A per1stalt1c pump was used 

to pump the buffer solut1on. A rotary valve was used for 

1ntroduct1on of the substrate (pen1c1ll1n) 1nto the buffer 

flow. After 1ntercalat1on, the solu~~on flowed through a 

Plex1glas flow cell The geomet1_ c: -~E flow cell and 1ts 

use w1th a flat surface-comb1nat1on pH electrode (Sensorex 

Model 450C, Stanton, CA) has been descr1bed (51) The 

electrode was connected to a Raa1ometer PhM 84 Research pH 

meter (Copenhagen, Denmark). The output from the pH meter 

was mon1tored w1th a Houston Instrument chart recorder 

{Houston, TX) 

Reagents, Solut1ons, and Mater1als 

Per1c1ll1n, bov1ne serum album1n (BSA) and 

pen1c1ll1nase (EC 3 5.2 6) from Bac1llus cereus were 

obtalDed from S1gma Chem1cal Co. (St Lou~s, MO) Br1ll1ant 

Blue G {BBG), (C I 42655) and sod1um codecyl sulfate (SDS) 

were obta1ned from Aldr1ch Chem1cal Co (M1lwaukee, wi) 

Glac1a1 acet1c ac1d was obta~ned from Octason Process, Inc. 

(Edgewater, NJ) Hydrochlor1c ac1d, ~ethanol, sod1um 

hydrox1de and sod1um acetate were obtalned from F1sher 
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Sc1ent1f1c (Fa1r Lawn, NJ) Isopropyl alcohol was obta1ned 

from Wood Sc1ent1f1c, Inc. (Houston, TX) F1lter paper was 

obta1ned from Whatman (Whatman no 1, England). All other 

reagents and solut1ons used have been descr1bed 1n Chapter 

III 

Procedure for Construct1on and Surface 

Preparat1on of Reactors 

Boros1l1cate glass CTRs were used for th1s work The1r 

construct1on and treatment for 1mmob111zat1on have been 

d1scussed 1n C~=~-~ III 

Immob1l1zat1on Procedures 

The l~~ooJ 1~~~-Jon n£ ~:-c~lnopropyl)trlethoxysllane 

and glutaraldehyde to the reactor has been d1scussed 1n 

Chapter III. Pen1c1ll1nase was 1mmob1l1zea by add1ng about 

5 mg of pen1c1ll1nase to abou~ 3 ml of pB 7 0 phosphate 

buffer. Th1s solut1on was pumped through the reactor, wh1ch 

was 1mmed1ately ~efr~gerated and stored overn1g~t 

Results and D1scuss1on 

Cho1ce of Reacto~ 

In mak1ng the cho1ce of the reactor used for the 

pr0te1n determ1nat1on tne d1sadvan~age of us~ng boros~l~cate 

OT?s for the aldehyde determ1nat1on was an advantage for 

prote1n determlnat~ons The g:utaraldehyce-sllane 1m1ne 

bond 1s broke, ~~ tydrolys1s at h1gh tewperatures 1n pH 7 0 



103 

buffer Th1s behav1or made re1mmob111z1ng act1ve enzyme 

eas1er Norwally, the reactor would have to be heated at 

450 °C for at least 4 h to remove organ1c mater1al 

Then 1t would be f1lled w1th HCl and the ends sealed and the 

reactor heated at 80 °c for 2 h F1nally, the s1lane, 

glutaralderyde, and the enzyme could be 1mmob1l1zed 

However, f1ll1ng the boros1l1cate OTR Wlth pH 7 0 buffer and 

heat1ng at 80 °C for 2 h leaves the am1nopropyl groups 

1ntact so that 1mmob1llzat1on of glutaraldehyde and enzyme 

can be performed 1mmed1ately. 

Co~trolled-pore glass embedded 1n Teflon and Tygon 

reactors could not be used th1s way because CPG does not 

exh1b1t the same behav1or A new reactor would have to be 

constructea each t1me the enzyme was to be 1mmob1l1zed. 

Tygon-CPG reactors suffer from an add1t1onal problem the 

dye tends to be adsorbed by the polymer, and th1s causes 

~lgh bla~k read1ngs. 

Some of the exper1ments perfo1med 1nd1cated that 

although ~oros1l1cate OTRs have much lower surface areas 

than CPG-embedded Teflon and Tygon reactors there was enough 

surface area for acceptable measurements Typ~cal 

absoroances obta1ned w1th boros1l1cate OTRs were 1n the 

range 0.2 to 2 A (whlch 1s w1th1n the Beer's law l1m1ts of 

G 0 to 2 5 A of the Perk~n-Elmer 3840 spectrophotometer) 

qowe\er, at ~he conclus1on of the exper~mEnts performed 

on OTPs a ser1es of batch exper1wents were performed us1ng 

CPG as ar enzyme support Tr1s was aone to see 1f CPG 
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exh1b1ts the same behav1or as boros1l1cate glass In thls 

manner 1t could be determ1ned 1f a Teflon-CPG reactor could 

be used 1n the determ1nat1on 1n place of a boros1l1cate OTR 

Procedure for Measur1ng Act1v1ty of the 

Immob1l1zed Enzyme 1n the Reactor 

The exper1mental procedure used for the determ1nat1on 

of pen1c1ll1n has been reported {51) For th1s work, the 

method was sl1ghtly changed, 1nstead of determ1n1ng 

pen~c1ll1n, a known amount of pen1c1ll1n was used to 

oeterm1ne the 1mmob1l1zed enzyme act1v1ty P 1 0 mM 

pen1c1ll1n sample {73 pl) 1n a pH 6.5, 1.0 mM phosphate 

buffer was 1ntercalated 1nto the same buffer flow1ng at 2.89 

- C 05 m~/m_r,. For all relat1ve act1v1ty measurements the 

peak he1ght was measured 1n m1ll1volts. Th1s voltage was 

used as a relat1ve measure of the act1v1ty of the enzyme 1n 

the reactor In th1s maDner 1t was poss1ble to determ1ne 1f 

any exper1ments had affected the act1v1ty of the 1mmoo1l1zed 

enzyme 

Effect of Solvent Cond1t1ons on 

Enzymat1c Act1v1ty 

Oroan1c Solvents In the method reported for the 

determ1nat1on of 1mmob1l1zed prote1n (84) two organ1c 

solvents were used ExpeLlments were performeo to determ1re 

the effect of t~ese solve~ts on the act1v~ty of the enzyme 

The unmod1f1ed dye solvent, as already ment1oned cons1sted 
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of 25 % ~sopropyl alcohol, 10 % acet~c ac~d, and 65 %water 

A solut~on of only 25 % ~sopropyl alcohol ~n water, when 

left ~n contact w~th the OTR for 30 m~n, reduced the 

enzymat~c act~v~ty by 50 %. 

A 20 80 (v/v) solut~on of water and methanol, wh~ch ~s 

the organ~c solvent used for releas~ng the dye from the 

prote~n, had a s~m~lar effect The act~v~ty after 30 m~n 

contact w~th the reactor was reduced by 74 % 

Sod~um Dodecyl Sulfate Sod~um dodecyl sulfate has 

been used to release dyes that are bo~r0 to prote~n (85). 

It was felt that a surfactant m~ghr Le ~ better aye-remov~ng 

agent than the NaOH solut~on. However, a 2 % solut~on of 

SDS ~n water, when left ln contact w~th the OTR for 30 m~n 

reduced the act1v~ty by 100 % 

Acetlc Acld and pH A 10 % solutlon of acet~c ac1d, 

when left ~n the reactor for 30 wln, reduced the actlVlty by 

53 % Much of an enzymes conformat1on ~s due to hyarogen 

bondlng It was felt that the cause cf aeact1vat1on of the 

enz1me was a d1srupt1on of the hydrogen bond1ng It was 

also felt that return~ng the enzyme to an envlronment whlch 

favors rydrogen bond formatlOP Wlght re~urP tDe enzyme ~o 

1ts or1g1nal conformatlon and restore 1ts actlvlty 

However, fllllng tne reactor Wlth pH 7 0 buffer and 

refrlgeratlng overn1gnt showed no lncrease ~n actlv~~Y 

The lrnmoblllzed-enzyme OTRs were Dorwally sto1ed lr a 

pH 7 0 buffer Wlthout any apparent effect on the erzyrnatlc 
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act1v1ty A se11es of exper1ments to determ1ne retent1on of 

act1v1ty was performed between the measured pH of 2.8 

obta1ned from 10 % acet1c ac1d and a pH of 5.0 us1ng a 0 010 

M or 0 0010 M phosphate buffer Table XVI shows the 

act1v1ty reta1ned after 30 m1n of contact w1th the d1fferent 

buffers At a pH less than 5 0 there 1s a substant1al loss 

1n act1v1ty. However, at a pH of 5.0 there 1s no loss 1n 

act1v1ty The buffer concent1at1on has no effect on the 

amount of act1v1ty reta~ned. 

Bov1ne Serum Album1n It was bel1eved that 1f a 

relat1vely large amount of BSA was d1ssolved 1n a pH 5 0 

buffer 1t could be used as a dye remov1ng agent by 

d1splac1ng the dye from the 1mmob1l1zed prote1n. 

Exper1ments showed that there was no effect on act1v1ty of 

solut1ons of between 50 and 250 mg of BSA 1n 5 ml of buffer 

Br1ll1ant Blue G A 0 10 % solut1on of BBG 1n 

phosphate buffer (pH 5 0) had no effect on the enzymat1c 

act1v1ty Th1s was done to determ1ne lf the dye 1tself had 

any effect on the act1v1ty 

Determ1nat1on of Chem1cal ~gents 

Respons~ble for uye Pdsorpt~on 

A number of exper1menLs were performed 1n order to 

deter~1ne exactly what chem1cal spec1es we1e respons~ble for 

BBG b1nd1ng to tne proLel~ Th1s was performed so that ~f a 

part~cular spec1es was not necessary for dye b1nd1ng and 



TABLE XVI 

ACTIVITY RETENTION AFTER 30 MIN CONTACT 
WITH VARIOUS BUFFERS 

pH Relatlve Actlvlty Retalned 
0.010 M Buffer 0.0010 M Buffer 

2 8 46% 

4.0 43% 35% 

5 0 115% 

107 
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contr1buted to the 1nact1vat1on of the enzyme, 1t could be 

el1m1nated 

Water A aye solut1on was prepared us1ng 0.10 % BBG 

d1ssolved 1n water only Th1s solut1on was pumped 1nto the 

reactor and allowed to rema1n for 30 m1n. After th1s t1me, 

1t was clear that some other reagent was respons1ble for the 

dye-prote1n b1nd1ng because no not1ceable amount of dye had 

been absorbed onto the prote1n 

Isopropyl Alcohol. A s1m1lar dye solut1on was 

prepared, but, 1nstead of only water, a 25 % solut1on of 

1sopropyl alcohol 1n water was used. The OTR was treated 1n 

the same manner as before. As before, there was no b1nd1ng 

of the dye to the prote1n 

Acet1c Ac1d and Acetate A s1m1lar exper1ment was 

performed us1ng 10 % acet1c ac1d as the dye solvent ID 

th1s case, the dye d1a b~na to the protelD In order to 

deter~1ne whether the ac1d or the acetate was respons1ble 

for tn1s behav1or a 0 10 M, pH 7 0 acetate buffer was used 

as the dye solvent In th1s case no dye was bound by the 

prote1r The hydrogen 10n concentrat~on, then, regulates 

the b1Dd1ng of d}e to the prote~n 

Hydrogen Ion Concentrat1on A nu~oer of exper1meDts 

were performed by valylng the pB of a 0 010 ~ phosphate 

buffer ana us1rg the buffel as a dye solvent. The 

aye-buffer solut1on was pumped 1nto the OTR and after 30 m1n 
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the unmod1f1ed dye-removal solvent (0.10 M NaOH 1n 80 % 

methanol and 20 % water) was used to remove the bound dye. 

After the hydrox1de was neutral1zed the absorbance was 

measured. Table XVII shows the results of these 

exper1ments. There 1s a steady decrease 1n the result1ng 

absorbance w1th 1ncreas1ng pH. However, at a pH of 5.0 

there 1s st1ll a very good absorbance. Also, as stated 

earl1er, at th1s pH the act1v1ty of the enzyme 1s not 

affected so the dye could be bound to the prote1n at th1s 

pH. 

pc stated earl1er, BSA has no effect on the act1v1ty of 

the enzyme. When BSA 1s d1ssolved 1n a pH 5.0, 0.010 M 

phosphate buffer all the dye bound to the 1mmob1l1zed 

pre~~- tEcomes bound to BSA. S1nce there 1s no effect on 

enzyme act1v1ty by e1ther pH 5.0 buffer or BSA and these 

cond1t1ons are capable of b1nd1ng and remov1ng the dye from 

the 1mmob1l1zed prote1n, these cond1t1ons were used as 

mod1f1ed solvents 

Procedure for Determ1nat1on of Proteln 

Unmod1f1ed Solvent Compos1t1on In1t1ally, cond1t1ons 

were used w1th few mod1f1cat1ons from those or1g1nally 

proposed (84). For the sake of clar1ty, these cond1t1ons 

have been referred to as "unmod1f1ed". The dye solut1on was 

composed of 100 mg Br1ll1ant Blue G d1ssolved 1n 100 ml of 

10 % {v/v) acet1c ac1a and 25 % (v/v) 1sopropyl alcohol 1n 

water. Thls solut1on was pumped 1nto the reactor and 
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TABLE XVII 

RESULTS OF 30 MIN OF DYE CONTACT IN VARIOUS BUFFERS 

pH Absorbance 

2.8 1.3467 

3.0 1.1279 

3.5 0.5595 

4.0 0 .::135 ... 

4.5 0 3729 

5.0 0.2944 
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allowed to 1nteract for 30 m1n. The same solut1on but 

w1thout the dye was pumped through to wash the excess dye 

from the reactor. D1st1lled water was pumped through to 

remove the solvent. F1nally, about 5 ml of 0.10 M NaOH 

solut1on 1n 80 % (v/v) methanol and 20 % water was pumped 

through the co1l and 1nto a 10-ml volumetr1c flask. About 

0 5 ml of 4 M HCl was added to neutral1ze the hydrox1de and 

the solut1on was d1luted to 10 ml. The absorbance was 

measured at 610 nm. Relat1ve act1v1ty was often determ1ned 

before and after the prote1n determ1nat1on. 

After th1s method had been used a few t1mes 1t was 

clear that an alternat1ve was needed because the enzyme was 

be1ng 1nact1vated by the solvents. The results of the 

exper1ments descr1bed 1n the prev1ous sect1ons led to 

changes 1n the solvent compos1t1on. 

Mod1f1ed Solvent Compos1t1on. A ser1es of prote1n 

determ1nat1ons were made us1ng pH 5.0 (0.010 M phosphate) 

buffer as a dye solvent conta1n1ng 0 10 % BBG. The dye 

removal solut1on cons1sted of 100 mg BSA d1ssolved 1n 5.0 ml 

of pH 5 0, 0.010 M phosphate buffer The act1v1ty was 

measured before and after determ1nat1on. After the 

determ1nat1on of prote1n the reactor was f1lled w1th pH 7.0 

buffer ana refr1gerated over~Lght Then the act1v1ty was 

determLned aga1n. Th1s process was repeated several t1mes, 

the results are shown 1n Table XVII. 
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Procedure A method has beeen reported for the 

determ1nat1on of free prote1n us1ng the dye Coomass1e 

Br1ll1ant Blue R-250 (85). The method lnvolves spott1ng 5 

pl of prote1n solut1on on f1lter paper. After dry1ng, the 

paper 1s treated w1th a 0 10 % solut1on of the dye. The 

paper 1s washed of the excess dye and aga1n allowed to dry. 

The spots are then cut out, placed 1n test tubes, and 

treated w1th 3 ml of 1 0 t 8~~ cc2~tlo~ 1n water. The 

m1xture 1s frequently shaken auling the 15 m1n 1nteract1on 

period so the dye can be released from the prote1n. The 

absorbance of the resul~Lrs ~~~u~Lon ~s measured and the 

amount of prote1n calculated from a cal1brat1on curve. 

Fowever, 1f the amount of prote1n {of known molecular 

we1ght) that ~s spotted on the filter paper 1s known then 

the number of dye molecules tra~ bLnd to each enzyme 

molecule can be determ1ned Thls method was mod1f1ed for 

use on two d1fferent s1l1ca supports as well as filter paper 

us1ng Br1ll1ant Blue G as the dye From 2 5 to 3 0 mg of 

pen1c~ll1nase was used as the p1ote~n. 

When f1lte1 paper was used for support, the method was 

used w1thout changes, excep~ for one set of determlnations 

1n whlch a pP 5 0 phosphate buffer was used as the dye 

solvent Instead of 10 % glac1al acet1c ac1d 

When s1l1ca gel or CPG was ~sea as a support ~he method 
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was sl1ghtly mod1f1ed. F1fte~n test tubes were prepared 

w1th 10 0 mg of s1l1ca gel or CPG 1n each F1ve test tubes 

were for blank read1ngs (these blank read1ngs were 

subtracted from the known read1ngs) and ten were for 

spott1ng w1th prote1n A pH 5.0 phosphate buffer was used 

as the dye solvent as well as 10 % acet1c ac1d When the pH 

5 0 buffer was used only 1.0 ml of SDS was used to release 

the dye because of the small amount of dye that was bound by 

the prote1n, otherw1se, 3 ml of SDS was used. 

Results. The results of the stc~cr_ometry 

determ1nat1ons (Table XVIII) show so~e (c--~~adlctory 

behav1or There 1s much var1at1on when the pH 1s changed 

Th1s 1s expected 1n v1ew the result2 cf ~~e last sect1on. 

Th1s var1at1on ln sto1ch1ometry due to p~ changes may be due 

to the protonat1on of bas1c groups (a~lnes 1n part1cular) 

w1th1n the prote1n. As stated earl1er, there lS a pH 

dependence on dye-b1nd1ng ab1l1ty, so ~he dye may requ1re 

protonated groups 1n the proteln 1n order to 1nteract w1th 

1t. However, at pH 5.0 there 1s also var1at1on w1th 

d1fferent supports Cellulose shows a very low dye;prote1n 

sto1ch1ometry wh1le CPG 1s h1gher and s1l1ca gel 1s even 

h1gher Thls may be due to d1fferences 1n the env1ronment 

at tre sLrface of the support Cellu~ose has an ent1rely 

d1fferent surface chem1stry (l e cellulose has no surface 

ac1d1ty where s1l1ca does) ~hat may be respons1ble for th1s 

behav1or 

At pH 5 0 these results present a d1lemrna, the 
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TABLE XVIII 

RESULTS OF DYE/PROTEIN STOICHIOMETRY DETERMINATIONS USING 
TWO DIFFERENT SOLVENT CONDITIONS AND THREE 

DIFFERENT SILICA SUPPORTS 

Dye Solvent Dye/Proteln Sto1ch1ometry 
F1lter Paper S1l1ca Gel CPG 

pH 5 0 Buffer 0 249 6 36 2 99 

10 % Acet1c Acld 24 4 21 4 
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boros1l1cate surface of the OTR lS expectea to behave more 

l1ke the CPG and s1l1ca gel than cellulose. However, there 

lS too much va11at1on between CPG and s1l1ca gel to make a 

dec1s1on as to what the dye/prote1n sto1ch1ometry actually 

lS on the OTR. Because of th1s behav1or, all exper1mental 

results obta1ned w1th the mod1f1ed solvents are expressed as 

the absorbance measured and not calculated 1nto amounts of 

proteln 1mmob1l1zed. 

However, us1ng the unmod1f1ed solvents produces much 

more agreement between determ1nat1ons us1ng CPG and 

cellulose as su:~r_ ~- Tbe dye/prote1n sto1ch1ometry found 

us1ng the unmod1f1ed solvents was found to be 21.4. Th1s 1s 

much closer to 24.4 found w1th cellulose. Although the 

actual dye/protc~. ~~~-cr.lome~t} ~nvolved on boros1l1cate 

OTRs may be sl1ghtly d1fferent, 21.4 was used 1n calculatlon 

of amounts of prote1n 

Even 1f the true value lS somewbat dlfferent there 

stlll lS some value 1n botr methods If an attempt 1s be1ng 

made to max1w1ze the amount of prote1n 1mmob1l1zed an 

absolute measure of the amount of proteln 1s not necessary 

All that 1s needed lS a relat1ve measure of the amount of 

prote~n 1wmob~l1zed so that one procedure can be compared 

w1th another. Actually, lD tn1s type of sltuat~on, 

knowledge of the aye;proteln stolchlometry 1s ~ot necessary 

at all 
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L1m1t of Detect1on 

Procedure The l1m1t of detect1on was deLerm1ned by 

us1ng both the unmod1f1ed solvent cond1t1ons and the 

mod1f1ed solvent cond1t1ons. An OTR was heated overn1ght at 

450 °C to remove all organ1c mater1al. Each method was 

performed ten trmes The ten absorbances were averaged and 

three trmes the standard devratron was added to the mean. 

Th1s absorbance represents the absorbance wh1ch would 

correspond to the l1m1t of detectron (86). 

These blank determ1nat1o~5 _ pelformed, as well, to 

demonstrate that there 1s an actual rnteract1on between the 

dye and the prote1n and not merely w1th the s1l1ca surface. 

Although some of the dye lnLe~~Cl~ w~Ln tnaL s~rface, there 

1s an 1nteractron wrth the rmmob1l1zed prote1n 

Unmod1f1ed Solvent Composltion The mean absorbance 

of ten blank determinations was found to be 0.496 ~. The 

absorbance responsible for the l~Ml~ of detect~on was 0 764 

Assu~Ing the dye/protein stoiChlometry of 21 4 1 IS correct, 

for tnese conditions the following equat1on represents the 

callbration curve 

W = 7 74 A- 3.84 ( 6 ) 

Where A IS the absorbance of the sol~tion at 610 nm and W 1s 

the amount of protein In nmole 

The l1m1t of determination calculated from the mean 

plus ten standard deviations was found to be 1 391 A. A 
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ser1es of exper1ments were performed on a s1ngle reactor, 

but w1th d1fferent prote1n 1mmob1l1zat1ons (the results of 

these exper1ments w1ll be d1scussed later). The values 

obta1ned were all 1n the range 2.2-2 3 A. So prote1n can be 

quant1tat1vely determ1ned 1n OTRs us1ng the unmod1f1ed 

solvent cond1t1ons, even though the enzyme act1v1ty 1s 

destroyed. 

It should be rnent1oned here that each OTR used w1ll 

have d1fferent l1m1ts of detect1on and the cal1brat1on plot 

w1ll have d1fferent y-1ntercepts. Th1s 1s due to the 

d1fferent surface areas encountered w1th each reactor. So 

before a determ1nat1on 1s made on a OTR a l1m1t of detect1on 

has to be est1mated. 

Mod1f1ed Solvent Compos1t1on. The same calculat1ons 

were performed when the mod1f1ed solvents were used Th1s 

produced a l1m1t of detect1on of 0.127 A and a l1m1t of 

determ1nat1on of 0.224 A When a ser1es of exper1ments were 

performed on 1mmob1l1zed prote1n all results fell 1nto the 

range 0.14-0 20 ~ 

Under the unmod1f1ed-solvent cond1t1ons the prote1n 

could be eas1ly quant1f1ed because all the exper1ments gave 

an absorbance h1gher than the l1m1t of deLerm1nat1on. 

However, w1th the mod1f1ed cond1t~ons, the prote1n cannot be 

determ1ned w1th muc~ certa1nty because all results are 

between the l1m~t of detect1on and the l1m1t of 

determ1nat1on Table XI} sumar1zes the results from the 

l1m1t of detect1on deter~1nat1ons. 
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In one ser1es of exper1ments the absolute act1v1ty was 

determlned. Thls was accompl1shed by add1ng a small amount 

of free pen1c1111nase to the pen1c1ll1n solut1on. Thls 

converted all the pen1c1ll1n to pen1c1llolc ac1d 

InJeCtlons of the ac1d solut1on gave a peak that was equal 

to the one that would be obta1ned prov1ded all of the 

pen1c1ll1n that flowed 1nto the OTR reacted. Th1s peak was 

1ntegrated and compared to a peak produced when pen1c1llln 

was lnJected. In th1s manner the number of pen1c1111n 

molecules that react can be determ1ned. From the fact that 

one Un1t of enzyme w~ll react With one pmole of substrate 

per m1nute, the-amount of act1ve 1mmob1l1zed enzyme was 

est1mated. 

The results of an act1v1ty determ1nat1on showed that 

there was 0.082 Un1ts of enzyme l~ the OTR. Know1ng the 

spec1f1c act1v1ty of the free enzyme (2100 Unlts/mg proteln) 

and that the molecular we1ght of the pen1c1ll1nase used lS 

32,000 g/mol (87) the amount of per~cllllnase 1mmob~l1zed 

was 1.22 x 10-12 mol Calculat1ons of th1s sort are 

based on one lmportant assumptlon that there lS no change 

ln the enzyme actlvlty after lmmoblllzatlon If the 

actlvlty decreases after lmmoblllzatlon there ls, actually, 

more enzyme lmmoblllzed than that calcJlated 

Th~s calculatlon was performed ln order to permlt 
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TABLE XIX 

RESULTS OF LIMIT OF DETERMINATION AND DETECTION FOR 
BOTH SOLVENT CONDITIONS 

Solvent 
Cond1t1on 

Mod1f1ed 

Unmod1f1ed 

L1m1t of Detect1on 
Absorbance Amount 

nmole 

0.1267 

0 4957 3 35 

L1m1t of Determ1nat1on 
Absorbance Amount 

nmole 

0 2242 

1.3910 10.3 

• 
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compar1son w1th exper1ments us1ng the unmod1f1ed solvents to 

determ1ne the proteln Th1s compar1son requ1red another 

assumpt1on that the sto1ch1ometry determ1nat1on us1ng CPG 

w1th the unmod1f1ed solvent compos1t1on lS correct (21.4 dye 

molecules per proteln). Wh1le th1s may not be str1ctly 

val1d, the true value lS cons1dered to be relat1vely close 

Table XX shows the results of some prote1n 

determ1nat1ons. One set l1sts measurements us1ng unmod1f1ed 

solvents and the other l1sts amounts determ1ned by measur1ng 

act1v1ty. There 1s over four orders of magn1tude d1fference 

between the two methods. So, act1v1ty cannot be used a: : 

measure of how much enzyme 1s 1mmob1l1zed. 

Although no quant1tat1ve 1nformat1on can be obta1ned by 

us1ng act1v1ty measurements, th1s compar1son reveals some 

propert1es of the 1mmob1l1zed enzyme. Obv1ously, dur1ng 

1mmobll1zat1on there 1s a drast1c decrease 1n the act1v1t} 

of the enzyme Elther one, or both, of the follow1ng 

reasons may be respons1ble for tne observed loss 1n 

act1v1ty The 1mmobll1z1ng spec1es (l.e 3-amlnopropyl 

groups and glutaraldehyde) may have a destab1l1z1ng effect 

on the enzyme and effectlvely slow the react1on. Or, many 

of tbe act1ve s1tes, s1mply, may not be ava~lable to the 

substrate (l e some of the act1ve s1tes may be at or ~ear 

the po1~t of 1mmoblllzat1on) 
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TABLE XX 

RESULTS OF DETERMINATION BY ACTIVITY MEASUREMENT AND DYE 
BINDING USING UNMODIFIED SOLVENT CONDITIONS 

Run 

1 

2 

3 

4 

5 

6 

Mean 

Amount of Prote1n 
by Act1v1ty {pmol) 

1 22 

1 09 

1.16 

Standard Dev1at1on 0 065 

Amount of Prote1n 
by Dye B1nd1ng {pmol) 

14000 

13400 

13300 

13900 

13600 

14200 

13700 

300 



Effect of Re1mmobll1zat1on on Act1v1ty 

and the Amount of Proteln Determ1ned 
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Us1ng unmodlfled-solvent cond1t1ons clearly has an 

advantage over the mod1f1ed method for s1mply determ1n1ng 

the amount of prote1n. However, as already ment1oned, the 

solvent cond1t1ons are completely destruct1ve to the enzyme 

act1v1ty. But 1f the enzyme could be re1mmob1l1zed 1n the 

same amount each t1rne then the fact that the solvents are 

destruct1ve to the enzyme m1ght not be so 1mportant. 

A number of exper1ments veje t~ =armed to determ1ne 1f 

thls 1s poss1ble. F1rst, 1.0 mM pen1c1ll1n was 1nJected 1n 

the flow system descr1bed earller so the relat1ve act1v1ty 

could be determ1ned. The pro~e1n was Lhen de~erm~ned. The 

glutaraldehyde-proteln molecule was hydrolyzed from the OTR. 

And, f1nally fresh glutaraldehyde and pen1c1ll1nase were 

re1mmob1l1zed and the process repeated several t1mes. 

Table XXI shows the res~lts cf these exper1ments. 

These results show that the amount of prote1n that 1s 

1mmob1l1zed 1s very cons1s~ent througnout the ser1es of 

consecu~1ve exper1ments However, the enzymat1c act1v1ty 

that 1s determ1ned 1s much less reproduclble When the 

enzyme was 1mmob1l1zed, great care was taken to ensure that 

each 1mmob1l1zat1on was performed lr the same manner ThlS 

result suggests that there 1s some unknown factor that has a 

large 1nfluence on the act1v1ty of the 1mmob1l~zea prote1n 



TABLE XXI 

RESULTS OF PROTEIN REIMMOBILIZATION WITH RESPECT TO 
RELATIVE ACTIVITY AND AMOUNT OF PROTEIN 

Run Relatlve ActlVlty Proteln 
Peak Helght (mV) ( nmol) 

1 2 58 13.3 

2 2.08 13.4 

3 3.27 14 0 

4 3 60 13 9 

5 2 14 13.6 

6 3.11 14 2 

Mean 2 80 13.7 

Standard Devlatlon 0.57 0 3 

Relatlve Standard 
Devlatlon 20 4% 2 20% 

123 



124 

Appl1cat1on of Both Methods to Prote1n 

Immob1l1zed on Controlled-Pore Glass 

Open tubular reactors made of Tygon and Teflon w1th CPG 

embedded on the 1ns1de surface of the tub1ng are capable of 

hav1ng much more aldehyde 1mmob1l1zed, per un1t reactor 

length, than boros1l1cate OTRs. The appl1cat1on of any 

prote1n determ1nat1on 1s equally 1mportant on these types of 

reactors In1t1ally, boros1l1cate OTRs were used because of 

the1r conven1ence. Exper1ments were performed on bulk CPG 

to see 1f the behav1or was the same as boros1l1cate OTRs. 

Free CPG was used because 1t was st1ll somewhat more 

conven1ent than us1ng a reactor If the behav1or was 

favorable on CPG then the method could be employed on 

Teflon-CPG reactors. 

Procedure. Both the mod1f1ed and unmoa1f1ed 

cond1~1ons were used. Ten blank runs were performed for 

each metnod by add1ng about 10 mg of CPG w1thout 1mmob1l1zed 

prote1n to a test tube and add1ng about 2 ml of the 

appropr1ate dye solut1on. After 30 m1n of contact the dje 

solut1on was removed by washlPg w1th water, and then 

remov1ng the supernatant after the CPG had settled to the 

bottom 

For each method the same solvents ~hat were used Wlth 

OTRs were used for dye removal For the unmod1f1ed 

cond1t1ons 5 ml of the removal solvent was added to each 

test tube The solut1on was neutral1zed w1th 0 5 ml of 4 M 
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HCl and then d1luted to 10 0 ml. Us1ng the mod1f1ed 

cond1t1ons 10.0 ml of the BSA solut1on was added and allowed 

to 1nteract for 30 m1n 

was measured at 610 nm. 

The absorbance of both solut1ons 

Pen1c1ll1nase was 1mmob1l1zed on CPG and determ1nat1ons 

were performed 1n th1s same manner to determ1ne typ1cal 

values to see how the l1m1t of detect1on and determ1nat1on 

compared. 

An act1v1ty measurement was made before and after a 

determ1nat1on us1ng the mod1f1ed cond1t1ons These 

determ1nat1ons were performed by add1ng about _L mg of 

pen1c1ll1nase 1mmob1l1zed CPG to a 20 x 75 test tube. Ten 

m1l1l1ters of pH 6 5, 1.0 mM phosphate buffer was added. A 

pH electrode was 1nserted and the solut1or w~s as_tatea b} a 

bubbl1ng n1trogen stream. A 1 0 ml port1on of pen1c1ll1n 1n 

pH 6 5, 1.0 mM phosphate buffer was added and the pH was 

mon1tored w1th t1me The act1v1ty of the enzyme 1mmob1l1zea 

on the CPG was 1nferred by measur1ng the 1nLt1al rate of the 

pH change. 

Results. The results of the l1m1t of detect1on and 

l1M1t of determ1nat1on experm1ents are shown 1n Table XXII. 

Us1ng the dye/proteln sto1Chlometry ratlo of 21.4 1 (as 

determlned for CPG for unmod1fled solvents) the followlng 

equat1on represents the cal1bratlon curve 
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TABLE XXII 

RESULTS OF LIMIT OF DETER~INATION AND DETECTION FOR 
BOTH SOLVENT CONDITIONS USING CONTROLLED-PORE 

GLASS AS A SUPPORT 

Solvent 
Cond1t1on 

Mod1f1ed 

Unmod1f1ed 

L1m1t of Detect1on 
Absorbance Amount 

nmole/g 

0.0708 

0.3262 158 

L1m1t of Determ1nat1on 
Absorbance Amount 

nmole/g 

0 1702 

0 6861 437 
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W = 7.74 A- 0.938 ( 7) 

where A 1s the absorbance measured and W 1s the amount of 

prote1n 1n nmole. 

Typ1cal values for the determ1nat1on of prote1n us1ng 

unmod1f1ed cond1t1ons were found to be 0.72- 0 90 A (wh1ch 

corresponds to 450 - 600 nmol/g). These values are JUSt 

h1gh enough to produce good results. Us1ng the mod1f1ed 

cond1t1ons, typ1cal values were 1n the range 0.13 - 0.17 A 

wh1ch 1s between the l1m1t of detect1on and determ1nat1on. 

However, what 1E more 1mportant, after the BSA solut1on 

had been removed the CPG st1ll had a deep blue color 

1nd1cat1ng that all the dye had not been removed. The 

unmod1f1ed dye remo~al solvent was used to see how much of 

the dye had actually, been removed. A 10.0 ml solut1on gave 

absorbances 1n the range of 1.0 - 1 2 A poss1ble reason 

for th1s behav1or may be that BSA 1s too large to enter the 

pores of the CPG part1cle (1n th1s case the pore s1ze 1s 700 
0 

A but 1mmob1l1zed pen1c1ll1nase may reduce the effect1ve 

s1ze to a somewhat smaller s1ze). The fact that only about 

14 % of the dye 1s removed shows that the mod1f1ed solvent 

cond1t1ons cannot be used for prote1n determ1nat1ons on 

Teflon-CPG reactors 

In order to determ1ne tne effect of the rema1n1ng bouPd 

dye has on the pen1c1ll1nase the act1v1ty of enzyme 

1mmob1l1zed CPG was measured before and after mak1ng the 

determ1nat1ons us1Pg mod1f~ed cond1t1ons Before the 



-6 determ1nat1on the 1n1t1al rate was 1.79 x 10 mol/m1n. 
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After the determ1nat1on the 1n1t1al rate dropped to 5.58 x 

10-7 mol/m1n. Th1s result 1nd1cates that some of the 

adsorbed dye 1s 1nvolved 1n the funct1on of the act1ve s1te. 

The dye may be e1ther block1ng the act1ve s1te from the 

substrate or slow1ng the k1net1cs of react1on. Th1s result 

emphac1zes the fact that th1s method cannot be used for the 

determ1nat1on of prote1n 1mmob1l1zed on CPG 



CHAPTER V 

CONCLUSIONS 

The f1rst part of th1s work descr1bes a d1rect, 

nondestruct1ve chem1cal method for the determ1nat1on of 

s1l1ca-1mmob1l1zed aldehyde groups. p-N1trophenylhydraz1ne 

was used as a chromophor1c probe F1rst, a hydrazone was 

formed between the probe and the 1mmob1l1zed aldehyde 

groups. Then the hydrazone was hydrolyzed by an 1ncrease 1n 

temperature as well as pH. The absorbance was measured and 

d1rectly related to the amount of aldehyde present on the 

s1l1ca The method was successful for aldehyde 1mmob1l1zed 

on CPG. Although the method could also be used for the 

determ1nat1on of aldehyde on boros1l1cate OTRs, 1t was 

destruct1ve to the 1mmob1l1zed aldehyde. The method was, 

however, successful when appl1ed to a new type of reactor 

tha~ cons1sted of Teflon tub1ng w1th CPG embedded on the 

1ns1de surface of the tub1ng 

The second part descr1bes attempts to determ1ne 

1mmob1l1zed enz}me w1thout a decrease 1n pen1c1ll1nase 

act1v1ty. Two avenues were explored for th1s determ1nat1on 

The f1rst 1nvolves the appl1cat1on of a prev1ously reported 

method that was sl1ghtly changed for use 1n OTRs The 

solut1ons used 1n th1s method were destruct1ve to the enzyme 

act1v1ty so the poss1b1l1ty of determ1n1ng prote1n and then 
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re1mmob1l1z1ng the same amount of prote1n was explored The 

same amount of prote1n was, 1n fact, re1mmob1l1zed. 

However, the enzymat1c act1v1ty was not reproduc1ble The 

second avenue 1nvolved mod1f1cat1on of the solvent 

cond1t1ons so the enzyme act1v1ty could be preserved dur1ng 

the determ1nat1on. Cond1t1ons were found at wh1ch there was 

no loss 1n enzymat1c act1v1ty. Unfortunately, the l1m1t of 

detect1on 15 almost as h1gh as the s1gnal produced by 

prote1n determ1nat1ons. Appl1cat1on of the unmod1f1ed 

method on CPG embedded plast1c reactors was not found to be 

pract1cle for two reasons. The PSA c~~fer solut1on was 

1ncapable of remov1ng all of the dye from the prote1n. 

Also, the rerna1n1ng dye greatly decreases the act1v1ty of 

the enzyme. 
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